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Abstract 
 
 
Ruminant herbivores establish highly complex symbiotic relationships with 
anaerobic bacteria that produce cellulosomes to efficiently degrade plant cell wall 
polysaccharides. Cellulosomes are composed of modular enzymes containing catalytic 
modules which are linked to non-catalytic modules involved in protein:carbohydrate 
(Carbohydrate-Binding Modules or CBMs) or protein:protein (Cohesins:Dockerins or Coh-
Doc) interactions.  
This project aims to aid in the quest of broadening the knowledge of the cellulosome 
and its components. Exploring both the Cohesin-Dockerin complex and the CBMs. 
Despite already well characterized, the production and crystallization process of 
Bacteroides cellulosolvens’s Cohesin-Dockerin Complex, still needs some optimization. By 
forcing the complex to adopt only one of the two possible conformations, through direct 
mutagenesis, we intended to test and optimize protein purification. 
The resulting positive mutants were tested in different growth conditions from 
which the best Dockerin expression were obtain for BL21 induced at 25ºC in LB. 
Among Ruminococcus flavefaciens strain FD-1 uncharacterized CBMs, we selected 
Rf2 and Rf4 to determine its substrate affinity to: HEC, β-Glucan, Galactomannan and 
Xyloglucan, using affinity gel electrophoresis. 
From which we concluded that RF2 presents higher affinities for Galactomannan 
and Xyloglucan ranging from 56 % to 49% (w/v)-1, respectively, and Rf4 only has affinity 
for Xyloglucan with a significant Ka of 296% (w/v)-1. 
Lastly, this novel CBM-Rf2 structure was solved at the As edge by single 
wavelength anomalous dispersion. 
 
Keywords: Cellulosome, cohesin, dockerin, Bacteroides cellulosolvens, 
Ruminococcus flavefaciens, Carbohydrate binding module (CBM), CAZymes  
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Resumo 
 
 
Os Ruminantes estabelecem relações simbióticas, altamente complexas, com 
bactérias anaeróbias produtoras de celulossomas de forma a degradarem eficientemente os 
polissacarídeos da parede celular de vegetal. Os celulossomas são compostos por enzimas 
modulares constituídas por módulos catalíticos ligados a módulos não-catalíticos, envolvidos 
em ligações proteína:carbohidratos (Carbohydrate-Binding Modules ou CBMs) e interações 
proteína:proteína (Coesinas:Doquerinas ou Coh-Doc). 
Este projeto visa ampliar o conhecimento dos celulosomas e dos seus componentes, 
explorando tanto o complexo Coesina-Doquerina como os CBMs. 
Apesar de já se encontrar bem caracterizado, o processo de produção e cristalização 
do complexo Coesina-Doquerina de Bacteroides cellulosolvens, ainda necessita de alguma 
otimização. Forçando o complexo a adotar apenas uma das suas duas conformações 
possíveis, através de mutagénese direta, pretende-se testar e otimizar a sua purificação. 
Os mutantes positivos foram testados em diferentes condições de crescimento, 
sendo a melhor expressão obtida em células BL21 induzidas a 25ºC em meio LB. 
Dos vários CBMs ainda por caraterizar de Ruminococcus flavefaciens estirpe FD-1 
selecionámos o Rf2 e o Rf4 para, através de géis de afinidade, determinar a sua afinidade a 
diversos substratos: HEC, β-Glucano, Galactomanano e xiloglucano. 
Concluímos que a RF2 apresenta maior afinidade para Galactomanano e 
xiloglucano variando entre 56 e 49 (w/v)-1, respetivamente. A Rf4 apresenta apenas afinidade 
para o xiloglucano com um Ka significativo de 296 (w/v)-1. 
Por último, a estrutura deste novo CBM-Rf2 foi resolvida por difração de raios-X 
por dispersão anómala de comprimento de onda único. 
 
Palavras-chave: Celulossoma, Coesina, Doquerina, Bacteroides cellulosolvens, 
Ruminococcus flavefaciens, módulos de ligação a hidratos de carbono (CBMs), CAZymes  
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Introduction
 
 Since the beginning of civilization mankind struggles to improve the usage of 
our planet resources efficiently, and yet we face ourselves with a serious question: how can 
we overcome a pending energy crisis? 
As usual the answer is rather complex. When most of our energy system is based on 
fossil fuels it has been extremely difficult to find a universal and economically appealing 
replacement (Aransiola, Ojumu, Oyekola, Madzimbamuto, & Ikhu-Omoregbe, 2014; 
Bharathiraja et al., 2014; Khan et al., 2014; Ziolkowska, 2014). Despite alternatives, like 
biodiesel or bioethanol, being actively studied since roughly 1970, the green fuel movement 
only gained momentum with the crude oil crisis and increased environmental concerns in the 
turn of this millennium. Even so, after more than a decade we’re still quite far from replacing 
fossil fuels with biofuels. In order to make the later a viable possibility there are a few key 
issues that must be addressed for its successful implementation:  
i) Which feedstock to use? 
ii) How will it be produced?  
iii) Compared with diesel is it profitable? 
 
To clarify these premises it’s essential to understand the basics of biofuels. Biofuels 
can be divided in two main categories: liquid and gaseous such as bioethanol or biodiesel and 
methane or hydrogen respectively. Unlike the conventional fuels, besides a series of previous 
treatments, biofuels derived from organic materials undergo a fermentation process in order 
to generate the desired product.  
Figure 1 - Key issues for improving energy resources 
i) Which will be 
the feedstock? 
ii) How  will it 
be produced?
iii) If compared 
with diesel is it 
profitable? 
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These alternative fuels can replace petroleum-based fuels, for instance gasoline and 
diesel, without the need to implement significant changes on the technology already in use, 
providing the foremost advantage of reducing the nefarious emissions of greenhouse gases 
(Carere, Sparling, Cicek, & Levin, 2008). 
Biodiesel has been identified as one of the notable options for at least 
complementing conventional fuels. Its production from renewable biological sources such as 
vegetable oils and fats has been reviewed extensively (Aransiola et al., 2014; Rincón, 
Jaramillo, & Cardona, 2014). 
 Its advantages over petroleum diesel cannot be overemphasized: it is safe, 
renewable, non-toxic, and biodegradable; it contains no sulphur; and it is a better lubricant. 
In addition, its use engenders numerous societal benefits: rural revitalization, creation of new 
jobs, and reduced global warming. Its physical properties have been reviewed widely as well, 
some of which are dependent on the feedstock employed for its production (Aransiola et al., 
2014). 
 
i) Biofuel - Which feedstock to use? 
 
Thanks to the large range of organic matter available in your planet we are able to 
select the most adequate substrate from a diverse array of origins. Nevertheless, plant 
biomass is the most consensual source that meets our purposes (Lynd 2002). 
There are several reports on biodiesel production from edible oils; thus, its 
competition with food consumption has been a global concern. About 6.6 Tg (34%) of edible 
oil was estimated for worldwide biodiesel production from 2004 to 2007, and biodiesel is 
projected to account for more than a third of the expected growth in edible oil use from 2005 
to 2017. Consequently, employing waste and non-edible oils in biodiesel production would 
eliminate the competition with food consumption; it will also allow for compliance with 
ecological and ethical requirements for biofuel (Aransiola et al., 2014; Bharathiraja et al., 
2014; Macías-Sánchez et al., 2015; Rincón et al., 2014; Ziolkowska, 2014). 
Brazil, one of the largest worldwide bioethanol producers, uses sugarcane as the raw 
material to convert sucrose to ethanol via yeast mediated fermentation. In the USA the biofuel 
is produced through an enzymatic process that breaks-down grain starch to glucose, which 
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can then be fermented to ethanol (Maheshwari, 2008). Nevertheless, the use of this type of 
biomass was questioned, on the basis of promoting food and farmland use to feed our cars 
instead of our people. Therefore a more appealing alternative emerged, i.e. discarded 
cellulosic biomass (Carere et al., 2008). 
The plant cell wall, in which the main component is cellulose, comprises the 
majority of the vegetal biomass. The cellulose bio-polymer is synthesized at an approximate 
rate of 7.5x1010 tons per year, occupying the first place in the abundance scale of existing 
natural polymers on Earth (E. Bayer, Lamed, & Himmel, 2007).  
 
ii) Biofuel - How to produce it? 
 
Extracting the fermentable sugars from sugarcane or starch is a well-established 
method, very similar to the ones used in food industries, and has become the preferable 
technique for producing bioethanol (Aransiola et al., 2014; Bharathiraja et al., 2014). 
Generally non-edible feedstocks including waste vegetable oils, animal fats and 
non-food crops are produced by conventional transesterification reaction. However, owing 
to the limitations of the conventional methods, new technologies are starting to be developed. 
Biodiesel could be produced by different technological processes, mainly transesterification 
using homogeneous catalysts as well as heterogeneous catalysts (Aransiola et al., 2014; 
Bharathiraja et al., 2014; Rincón et al., 2014; Ziolkowska, 2014). 
All these available methods are capable of producing biodiesel from refined oil 
which is the most common source of raw material for its production. However, they have 
their own advantages and disadvantages. The acid-catalyzed homogeneous 
transesterification has not been widely investigated and employed, when compared to the 
alkali-catalyzed process, due to its limitations such as slower reaction rates, the need for 
tougher conditions (higher temperatures, methanol-to-oil molar ratios and quantities of 
catalysts) and the formation of undesired secondary products such as dialkyl or glycerol 
ethers. Therefore it is less attractive to industrial purposes (Bharathiraja et al., 2014). 
On the other hand, the main problem associated with the heterogeneously catalyzed 
transesterification is the deactivation due to the presence of water, which is normally 
produced from the esterification reaction (Bharathiraja et al., 2014) . 
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Enzymes are believed to be a good choice to produce biodiesel; they can easily treat 
fatty acids as well as triglycerides to produce biodiesel from non-edible oils with higher 
conversions. In contrast, degrading the recalcitrant plant cell wall, pursuing the enzymatic 
accessibility of cellulose is extremely difficult and involves the combination of powerful 
chemicals, high temperatures and various enzymes before it can be fermented. Therefore 
their high production cost limits their employability (Bharathiraja et al., 2014).  
This may be overcome by using molecular technologies to enable the production of 
enzymes in higher quantities as well as in a virtually purified form. The most common and 
simple non-catalyzed biodiesel production process is by using supercritical methanol. 
Though the procedure is claimed to be effective, it is highly expensive. Hence, there has been 
more research to explore new technologies for the production of biodiesel considering their 
industrial economic viability (Bharathiraja et al., 2014). 
 
iii) Biofuel - Compared with diesel, is it profitable? 
 
Ultimately, when evaluating the current alternatives a profitable and ideal 
alternative still does not exist (Aransiola et al., 2014; Bharathiraja et al., 2014; Choi, Song, 
Cha, & Lee, 2014; khan et al., 2014; Macías-Sánchez et al., 2015; Rincón et al., 2014; 
Ziolkowska, 2014). 
On the one hand we could use an easier substrate but with substantial impacts on 
the food supply and fare markets. However, there are concerns regarding whether a growing 
population can be fed in a sustainable manner or not. The development of innovative 
technologies resulted in both improved genetic traits and advanced crop management. 
Despite these trends there is a decline of rice yields from 1985 onwards. In spite of these 
variations in the yield of different crops, there is still a gap between the growth of production 
and demand of supply. Additionally, there may be other factors but the demand of edible 
feedstocks for biofuel cannot be ruled out (Bharathiraja et al., 2014). 
 As far as biofuels are concerned, it is argued that one must distinguish between 
biofuels driven by market forces and biofuels driven by government policy. However, it is 
accepted globally that biofuels produced from edible feedstocks cannot replace the petroleum 
fuels without impacting on food supplies (Bharathiraja et al., 2014). 
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However, on the other hand we can re-utilize a more available and low-cost 
feedstock with a more complex production process, therefore increasing the overall 
production fee (Aransiola et al., 2014). 
Nonetheless most studies tend to believe that the answer is based on reducing the 
costs of processing Plant Biomass either through plant cell wall engineering to make it easier 
to break or by improving the methods to degrade it (Bharathiraja et al., 2014). 
Some research suggests a possible solution by genetically engineering the plant cell 
wall to make it easier to degrade. However such procedure would lead to, once more, the 
withdrawal of valuable crops soil and also entailed some risks associated with the production 
of Genetically Modified Organisms (GMO) (Boudet, Kajita, Grima-Pettenati, & Goffner, 
2003). 
In this project, it is considered that the solution to this dilemma lies in the 
development of a viable method for simplifying the plant cell wall breaking process. 
Moreover, in order to look for answers the search began with the most efficient system 
existent, Mother Nature, more precisely the herbivores, and their capability of degrading 
cellulosic matter very rapidly, in less than 24h. The process takes place in the amazing gastro-
intestinal compartments, namely the rumen or caecum, residence of a large consortium of 
symbiotic anaerobic bacteria with a unique characteristic, meaning the capability to 
synthesize an enzyme cocktail assembled as an extracellular mega-Dalton complex, named 
cellulosome. The cellulosomes are composed of modular enzymes containing catalytic 
modules which are linked to non-catalytic modules involved in protein:carbohydrate 
(Carbohydrate-Binding Modules or CBMs) or protein:protein (Dockerins or Doc) 
interactions. Within the cellulosome, the Carbohydrate-Active enZymes (CAZymes) 
(Lombard, Golaconda Ramulu, Drula, Coutinho, & Henrissat, 2014) bind to Cohesin (Coh) 
modules present in a molecular scaffold, the scaffoldin, via enzyme borne Doc domains 
(Type-I Coh-Doc interactions). Cellulosomes can also be anchored to the host microbial cell 
surface through type-II interactions, between scaffoldin-borne type-II Doc with type-II Coh 
on the cell envelope. Dockerins characteristically present two duplicated segments, each 
defining a Coh-binding interface displaying similar ligand specificities, thus leading to a 
possible dual-binding mode (Carvalho et al., 2007; Fontes & Gilbert, 2010). 
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Inspired by this natural cellulose degrading factory, a new strategy for processing 
vegetal biomass arose, the so called Consolidated Bioprocessing (CBP). CBP comprises, in 
a one step process, the substrate hydrolysis and the fermentation by using cellulolytic bacteria 
(Carere et al., 2008). In order for this process to be applied it’s essential to fully understand 
the mechanism used by these microorganisms and more specifically how the cellulosome 
works and how can we improve it. 
Assembly of CAZymes in cellulosomes potentiates protein stability and enzyme 
synergistic interactions. Cellulosomes comprise diverse CAZymes (glycoside hydrolases - 
GH, carbohydrate esterases - CE and polysaccharide lyases - PL) displaying a modular 
architecture in which a catalytic domain can be connected, via linker sequences, to one or 
more non-catalytic carbohydrate-binding modules (CBMs). 
With that as the ultimate goal, this project aims to aid in the quest of broadening the 
knowledge of the cellulosome and its components. We can separate the work plan in two 
distinct paths centered on the different modules of the cellulosome: the Cohesin-Dockerin 
complex and the CBMs. 
 
1. Work Objectives: 
 
a) Insights into the Bacteroides cellulosolvens’s Cohesin-Dockerin Complex 
 
Bacteroides cellulosolvens’s cellulosome consists of two large scaffoldins: ScaA, 
an enzyme-binding primary scaffoldin with 11 Coh modules and a C-terminal Doc, and ScaB, 
an anchoring scaffoldin that bears 10 Coh (Xu et al., 2004). In contrast to other cellulosome 
systems, the apparent roles of the B. cellulosolvens Coh are inverted, the type-II Coh are 
located on ScaA and mediate enzyme attachment, whereas type-I Coh are located on ScaB 
and are involved in cell surface attachment. Despite this cellulosome architecture being well 
characterized there are still unknown details on these Coh-Doc complex interactions, their 
production and crystallization processes, namely due to the dual binding mode capability of 
the type-II interactions, that hinders in vitro production of stable and homogeneous 
complexes, and as such prevents their crystallization and structure solving. 
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Figure 2 - C. thermocellum type-II cohesin–dockerin interaction around the dockerin’s 22/22’ 
sequence positions. The blue Doc structure seen on the top has the glycine residue highlighted in 
yellow and it is superposed with a salmon colored dockerin were the Gly is substituted by an Asn 
(shown in a stick molecular representation). Emerging from the bottom are several residues from two 
different cohesin molecules (superposed and also colored blue and salmon). Several sterical clashes 
are apparent on the salmon colored Coh-Doc complex. By mutating the glycine for an asparagine the 
objective is to force the dockerin into a single possible conformation on binding with its cognate 
cohesin, thus allowing the needed stability for successful crystallization. 
 
Consequently this project aims to force the complex to adopt only one of the 
conformations by alternatively mutating the critical residues at the 22 and 22’ sequence 
positions of the dockerin as shown in Table 1, substituting a Gly for an Asp.  The rationale 
for this mutation is based on predicted sterical clashes between the novel asparagine residue 
against cohesin residues, previously shown to occur on Clostridium thermocellum type-II 
Coh-Doc complexes by the group’s research team (Figure 2).  
 
Table 1 – Dockerin amino acid sequences. The dockerin has a duplicated sequence which 
conventionally is numbered from a conserved Gly residue (position #1) whereas the corresponding 
residues on the duplicated segment are numbered by adding a superscript prime symbol (#1’). The 
residues marked in red represent the canonical pair with a decisive importance on the Coh-Doc 
interaction at the 11 and 11’residues. The residues in positions 22 and 22’ are marked in blue for the 
original amino acid and in green for the mutated one. 
Dockerin 
Protein Sequence (N –C) 
BC2Doc-wt 
GDLNGDGVINMADVMILAQSFGKAIGNPGVNEKADLNNDGVINMADAI
ILAQYFGK 
BC2Doc–
mut1 
GDLNGDGVINMADVMILAQSFNKAIGNPGVNEKADLNNDGVINMADAI
ILAQYFGK 
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BC2Doc–
mut2 
GDLNGDGVINMADVMILAQSFGKAIGNPGVNEKADLNNDGVINMADAI
ILAQYFNK 
 
In order to test and optimize protein purification, an HisTag was added either to 
the N-terminal Dockerin or to C-terminal Cohesin, thus originating 4 constructs (Figure 3). 
 
Figure 3 - B. cellulosolvens Coh-Doc Constructs. The constructs will test the influence of positioning 
the histidine tag either on the dockerin (H6Doc) or on the cohesin (CohH6) side, on the protein 
expression. To force the Doc to adopt a single complex conformation, the original sequences were 
mutated on the residue position 22 (mut1) and 22’ (mut2). 
 
The Coh-Doc complex expression will be tested to determine the best growth 
conditions for the complexe’s large scale production.  
b) Biochemical Characterization of Rf2 and Rf4 CBM’s of Ruminococcus 
flavefaciens 
 
CBM’s are non-catalytic domains that usually are found associated with enzymes 
capable of degrading plant cell wall polysaccharides. They act as an anchor that helps the 
enzyme bind to the substrate. CBMs direct the appended catalytic modules to their target 
substrates, thus potentiating catalysis. The genome of the ruminal cellulolytic bacterium, 
Ruminococcus flavefaciens strain FD-1, contains over 200 modular proteins bearing the 
cellulosomal-signature dockerin module. Among these we selected the, yet to be 
characterized, Rf2 and Rf4 to determine its substrate affinity to: 
• HEC 
• β-Glucan 
• Galactomannan 
DocCohH6-
mut1
H6DocCoh-
mut1
DocCohH6-
mut2
H6DocCoh-
mut2
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• Xyloglucan 
 
c) Insights into the Rf2 CBM structure of Ruminococcus flavefaciens 
 
Lastly, we intend to further characterize this unclassified Rf2 CBM using in silico 
analysis to probe other similar proteins, as well as promote its crystallization to determine its 
structure through x-ray bio-crystallography. 
 
 
Figure 4 – Rf2 organization and amino acid sequence. The Rf2 is a protein from Ruminococus 
flavefaciens, and this specific location of the gene flanked by two GH is consistent with other CBM’s 
therefore supporting the conjecture that this sequence is in fact a CBM.   
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Chapter 1 -  Scientific Background
 
1.1 -  Plants As The Main Source Of 
Biomass 
 
Appreciatively, our world is vastly populated by trees and other plants constituting 
the most ample form of biomass with an estimated production of 1011 metric tons per year 
and energy content of about 2 425×1018 KJ. The increased cost of fossil fuels heightened the 
interest on alternative forms of energy production such as biomass derived energy (Hyeon, 
Jeon, & Han, 2013; Singh et al., 2014). 
Although vegetal biomass is not homogeneous, with a variable composition 
according to its phylogeny, it shares some common main component carbohydrates, which 
can be sorted on three key categories as showed in Table 2 (Mateos & González, 2007). 
 
Table 2 – Categories of biomass according to its carbohydrate nature source (Mateos & González, 
2007). 
Category Carbohydrates Exemple 
Sugary 
Monosaccharides 
Glucose 
Fruit Pulp 
Fructose 
Disaccharides Sucrose Sugar cane, sweet 
sorghum and beet 
Starch  Polysaccharides 
Inulin 
Potato tubercles, 
chicory 
Starch Cereal grains 
Lignocellulosic Polysaccharides 
Hemicellulose and 
Cellulose 
Woods 
 
Since the two first categories are primarily used as food supplies we are going to 
focus more on lignocellulosic biomass and some vegetal residues from starch production to 
reuse as feedstock to other processes. 
1.1.1 - Abundance  
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According to data extracted from Food and Agricultural Organization of the United 
Nations (FAO), biomass available above-ground has been increasing over the years, reaching 
in Europe an amazing value of 2.2×106 million metric tons as indicated on Figure  
According to both Figures 5 and 6 the majority of vegetal biomass available consists 
of living biomass and is being used worldwide for feeding purposes. Besides that, by 
consuming live biomass we are interfering with the carbon cycle so it’s advisable to focus 
only on dead or waste biomass. Even with that in mind the numbers are surprisingly high 
with a value of 7.42×104 million metric tons. 
Figure 5 - Vegetal Biomass present in Europe from 1990 to 2010. Above-ground biomass: All living 
biomass above the soil including stem, stump, branches, bark, seeds, and foliage. Below-ground 
biomass: All biomass of live roots. Fine roots of less than 2 mm diameter are excluded because these 
often cannot be distinguished empirically from soil organic matter or litter. Dead wood: All non-
living woody biomass not contained in the litter, either standing, lying on the ground, or in the soil. 
Dead wood includes wood lying on the surface, dead roots, and stumps larger than or equal to 10 
cm in diameter or any other diameter used by the country (FAO, 2010). 
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Figure 6 - Global usage of land for feed and food purposes in 2006/07. From a total of 13.4 bn. ha 
only 5.0 bn. ha are used for agricultural purposes from which 1.45 are used to crop purpose such as 
food, animal feed, material use and only 55 mil. ha to bioenergy (Raschka & Carus, n.d.). 
 
1.1.2 - Applicability  
 
Most of vegetable waste, like dead vegetation, scrap from paper or furniture 
industries or even agricultural residues, is not used to its full potential ending its life cycle at 
landfills in order to be burned. By leveraging this type of biomass as feedstock to other 
processes it is possible to reevaluate raw material that otherwise would be considered as 
garbage. Reusing these wastes would be cheaper for the different industries and therefore 
more appealing than other materials. Yet the variable composition of plant biomass would 
require some previous sorting in order to steer the correct substrate to the right application.  
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Figure 7 – Representative diagram of the contrast between the conventional industry and the novel 
biorefineries. Adapted from (Lucia, Argyropoulos, Adamopoulos, & Gaspar, 2006). 
 
1.1.2.1 - Biorefineries  
 
The new concept of biorefinery consists of reusing indigestible vegetal biomass to 
produce biofuels and other petroleum derived chemicals. In contrast to petroleum, with its 
limited resources and fixed composition, plant biomass is a self-renewable resource, 
recyclable and environmentally friendly that, due to its heterogeneous composition, can be 
broken into many usable components (Menon & Rao, 2012).The main goal in this industry 
is to extract from each biomass’s component the largest benefit for producing both food and 
non-edible fractions, thus merging agro-food industries with biochemistry synthesis 
applications (Menon & Rao, 2012). 
 
1.1.2.1.1 - Animal feeding 
 
The usage of plant biomass as animal feeding is one of the options that requires 
some specific expertise as it deals with living beings. Therefore for this kind of application 
it would be advisable to use only agricultural residues or dead vegetation. As such, plant 
biomass could be directly given to ruminants since they are able to digest it due to their 
diverse and complex resident microbiome’s driven enzymatic capacity (Singh et al., 2014). 
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On the other hand, monogastric animals are not able to use these residues since they lack the 
endogenous enzymes capable of hydrolyzing the structural carbohydrates present in the plant 
cell wall. 
In order to fully utilize waste biomass as supplements to animal feeding formulation, 
namely monogastric species, it is essential to hydrolyze the complex carbohydrate bonds. 
Nowadays the approaches used to break these chemical connections resort to either very 
harsh chemical and physical treatments while the alternative has proven difficult, due to the 
limitations on current biological methods (Mateos & González, 2007). 
   
1.1.2.1.2 - Chemical Conversion 
 
Plant derived biomass consist in various different carbohydrates linked together, 
such as cellulose, hemicellulose and pectins. If we break these complex sugars into basic 
monosaccharides it is possible to create several different compounds (Menon & Rao, 2012). 
There are two alternative routes to transform carbohydrates into simpler products: 
fermentation processes and chemical transformation (Corma, Iborra, & Velty, 2007); 
(Demirbas, 2001). 
For instance, through glucose fermentation, obtained from breaking down cellulose 
into glucose, we have an array of starting components like lactic acid, succinic acid or 
glutamic acid that can be modified afterwards to generate additional products (Figure 8). 
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Figure 8 - Products obtained by the fermentation of glucose (Corma et al., 2007). 
 
By transforming these four products through a series of chemical reactions it is 
possible to obtain other, such as bioplastics that otherwise would be extremely difficult to 
produce and depended on petrochemical based substrates (Lucia et al., 2006) 
For centuries mankind has been using polymers from nature as food or to produce 
furniture and clothing. Despite public perception that bioplastics are a recent concept 
emerging after environmental global concerns arose, the first artificial plastic, celluloid, was 
invented in 1860. In 1940 the first ethylene based compounds were developed, but many 
other discoveries on these compounds were never commercialized due to the ascension of 
synthetic polymers made from crude in 1950 (Shen, Worrell, & Patel, 2010). 
Until recently the petro-based plastics industry experienced an exponential growth, 
where almost everything that we use is made of or contains some type of plastic. Increasing 
concerns about fossil fuels scarcity, associated with climate changes and the desire to reduce 
human impact on earth, caused major changes in conventional industries and the rebirth of 
bio-based plastics. From all bioplastics presented on the Table 3, the most relevant types are 
Polylactide (PLA) and Polyethylene (PE) based (Shen et al., 2010). 
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Table 3 – Main emerging biobased plastics for non-food applications (Shen et al., 2010). 
 
The first bio-based plastic to be produced on a large scale was PLA, which consists 
of an aliphatic polyester originated through the fermentation of sugars, usually from sugar 
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cane, potato starch or tapioca starch. The lactic fermentation can produce different 
percentages of both lactic acid isomers, L or D, which can be adapted by using a specific 
Lactobacillus strain. Currently PLA is commercialized as a mix of 95% L-lactide and 5% D-
lactide and is widely used in packaging, textiles, diapers, agricultural mulch films and cutlery 
(Shen et al., 2010). 
 
Bio-based polyethylene is alike the petro-based PE, where the only difference 
between them is the origin of the ethanol used to produce it. Nowadays bio-based PE is only 
produced from dehydrating ethanol derived from sugar-cane fermentation at temperatures 
ranging from 300ºC to 600ºC. This type of PE as numerous applications as presented in table 
4 (Shen et al., 2010). 
Table 4 – Applicability of PE derivatives in Western Europe ( * Excluding injection molded HDPE 
caps, closures and petro tanks) (Shen et al., 2010). 
Market Segment HDPE LDPE LLDPE 
Films 18% 74% 82% 
Blow molding small parts 19% 1% 5% 
Blow molding large parts 12%   
Pipes and extruded products 19% 4% 3% 
Extruded coating  11% 1% 
Caps and closures 4%   
Petro Tanks 3%   
Injection molded parts 14% * 4% 5% 
Cable  4% 3% 
Textiles 3%   
Other 8% 2% 1% 
Total: 12.7 (Mt) 5.2 (Mt) 4.3 (Mt) 3.1 (Mt) 
 
1.1.2.1.3 - Bioenergy  
 
The exploitation of plant biomass as a resource to produce energy is one of the most 
common applications. Global efforts to lead nations into environmentally friendly lifestyles 
and policies due to increasingly depletion of fossil fuels caused the proliferation of alternative 
sources to sustain our energy needs. 
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In the last 15-20 years the European Community has been developing policies and 
studies in order to implement a global use of bioenergy. The last report from 2010 calculated 
the energy potential of vegetable biomass as shown on Figure 9 (Bottcher, 2010). 
 
Figure 9 - EU energy potential from vegetable biomass. Predictions for all EU27 countries for the 
different biomass types and sources, according to potential types. Values in PJ per year. For the 
averages from forestry biomass sources, the conversion of tons DM wood to PJ were harmonized to 
a value of 15.48 (Bottcher, 2010). 
 
Using only the biomass as feedstock, several types of energy like heat, electricity 
and fuels can be produced. In order to convert biomass into one of these options several 
technologies can be applied. These methods can be divided in three main categories: 
Thermochemical, Biochemical and Extraction as shown in Figure 10 (Faaij, 2006) 
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Figure 10 – Principal options for biomass conversion to secondary energy carriers (Faaij, 2006) 
 
The thermochemical conversion uses high temperatures in order to promote the 
chemical reaction that generates energy (Faaij, 2006). Despite the benefits of this first 
method, the requirement of high temperatures increases the cost associated with this type of 
conversion and decreases its sustainability. Therefore its applicability would be more suitable 
for domestic use, like in heat production through convectional fireplaces and pellet’s boilers. 
Through digestion or fermentation of the biomass, new compounds can be produced 
and used as fuels to produce electricity, in a process called biochemical conversion (Faaij, 
2006). By improving the technology of biochemical conversion of biomass, this method is 
envisioned as the most suitable alternative to fossil fuels. 
Finally the extraction method consists of extracting oil from the biomass, which 
undergoes esterification to produce the so called biodiesel. This process is probably the most 
well established in Europe (Faaij, 2006). Nonetheless it requires crops usage, eventually 
implying the dislodgment of lands from the food industry, which is one of the main hurdles 
for the bio-diesel industries. 
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In order for plant biomass to become a viable feedstock for meeting future demand 
for liquid fuels, efficient and cost-effective processes must exist to breakdown cellulosic 
materials into their primary components (Elkins, Raman, & Keller, 2010). Therefore it is 
essential to understand specifically plant biomass composition, specifically its most 
recalcitrant component; the plant cell wall. 
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1.2 -  The Plant Cell-Wall 
 
The main difference between plants and other living organism lies, precisely, in their 
cell wall. The plant cell wall is a rigid structure that is responsible for the cell form, its growth 
and stability, osmotic balance as well as constituting a barrier against pathogenic agents such 
as virus, bacteria and fungus (Maza, 2012). 
Plant’s cell wall adapts itself according to the development state of the plant. During 
the initial growing and division, the cell wall becomes more elastic enabling the elongation 
and form definition of the cell. In contrast, fully differentiated cells have a more rigid and 
thicker wall providing mechanical strength to prevent biochemical degradation or even 
physical damage (Knudsen, 1997; Maza, 2012). 
 
1.2.1 - Structure  
 
Most cellular walls from differentiated vegetal cells are composed of four layers: an 
external coat called middle lamella and three inner layers, the primary, secondary and, 
sometimes, even a tertiary wall (Maza, 2012; Sticklen, 2008a). 
 
Figure 11 - Plant plasma membrane and cell-wall structure. Most plant’s cell wall is composed by a 
plasma membrane, a primary and secondary wall and a middle lamella. Their main constituents 
vary according to its function (Sticklen, 2008b). 
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1.2.1.1 - Middle lamella 
 
The middle lamella is basically a thinner cover of pectin’s and lipids that act as 
binders between the other cells as well as protectors from various external aggressions (Maza, 
2012). 
 
1.2.1.2 - Primary wall 
 
The primary wall consists of a two segment’s system, where microfibrils of cellulose 
are embedded on protein and non-cellulosic polysaccharide matrix. The long cellulose chains 
are organized side by side creating micelles. This almost crystalline structure is maintained 
by hydrogen bonds between the numerous hydroxyl groups (-OH) available. The association 
of various micelles originates the cellulose’s microfibrils, which can reach several 
micrometers of length and between 3 and 10µm of diameter (Maza, 2012). 
 Regarding to the polymeric matrix there are several theories. Initially Keegstra et 
al. (1973) suggested that the various polysaccharides and proteins, such as xylan, xyloglucan, 
pectins and structural proteins, formed a macromolecular net through covalent bonds 
amongst each other, while the cellulose microfibrils were connected by hydrogen-bonds. In 
1989, Hayashi and Fry proposed the most popular model. In this model a single xyloglucan 
chain occupied the gaps between cellulose microfibrils, tethering them together, while the 
pectins and structural proteins filled the remaining space. Further models were later proposed 
(Talbott & Ray, 1992) or (Ha, Apperley, & Jarvis, 1997), sharing in common the coating of 
cellulosic fibrils with xyloglucan. In summary, the primary wall structure consists of a 
complex network of cellulose microfibrils superficially attached by hemicelluloses through 
non-covalent interactions, all embedded on a gel like phase comprising pectins (Cosgrove, 
2005; Maza, 2012; Somerville et al., 2004). This dynamic network is responsible for the 
majority of the physical properties displayed by plant cell walls. 
 
1.2.1.3 - Secondary wall 
 
In contrast with the primary wall, secondary walls differ depending on cell type or 
development stage and are normally present to increase the mechanical support. The 
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successive deposition and fouling of cellulose fibrils in addition to other compounds, like 
lignin, is responsible for the establishment of a secondary wall (Knudsen, 1997; Maza, 2012). 
 
1.2.2 - Main Constituents 
 
The plant cell wall is mainly composed by polysaccharides (90%), glycoproteins (2-
10%), phenolic esters (< 2%) and ionic and covalently bound minerals (1-5%) (Rose, 2003).  
In accordance to our project goals we are going to focus only in the polysaccharides which, 
according to Wallace & Somerville (2014), can be divided in five distinctive groups: 
cellulose, hemicelluloses, pectins, proteins and lignin. 
 
Figure 12 - Main cell wall constituents. Cellulose, hemicellulose and lignin form structures called 
microfibrils, which are organized into macrofibrils that mediate structural stability in the plant cell 
wall. Cellulose is a (1–4)-linked chain of glucose molecules. Hemicellulose, the second most 
abundant component of lignocellulose, is composed of various 5- and 6-carbon sugars such as 
arabinose, galactose, glucose, mannose and xylose. Lastly, lignin is composed of three major phenolic 
components, namely p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S). Lignin is 
synthesized by polymerization of these components and their ratio within the polymer varies between 
different plants, wood tissues and cell wall layers (Rubin, 2008). 
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1.2.2.1 - Cellulose  
  
Cellulose is a linear polymer with several thousand glucose residues linked together 
through a glycosidic bound β-1,4-D-anhydroglucopyranose (C6nH10n+2O5n+1, n= glucose’s 
polymerization’s degree). This specific connection along with a 180º rotation of each glucose 
unit, within the chain, relatively to the previous one is responsible for a flat assembly of this 
polysaccharide. The structure stability is acquired due to hydrogen bonds between parallel 
glucans creating a crystalline microfibril that provides the mechanical strength and 
degradation resistance (Cosgrove, 2005; Maza, 2012; Thygesen, Oddershede, Lilholt, 
Thomsen, & Ståhl, 2005). 
Cellulose, available commonly in global flora, normally has a polymerization’s 
degree of roughly 15 000 glucopyranose in cellulose from native cotton and 10 000 in wood 
cellulose. There are several polymorphic forms of cellulose that can be interconverted into 
each other. Their nomenclature ranges from I to IV, in which cellulose I is the native form 
(Sullivan, 1997). The natural form of cellulose adopts a rather unstable crystalline structure 
called cellulose I, which includes the forms Iα and Iβ where both chains assemble in a parallel 
mode (Jamal et al. 2004). The concept of cellulose Iα and Iβ was reported by Simon et al 
(1988) which described that the cellulose on the surface of the crystal differed from its 
structure on the center. After various studies comparing both forms it was establish that they 
had the same backbone structure, differing only in their hydrogen bonding patterns. The 
meta-stability of cellulose Iα confers it a higher reactivity rate than Iβ, therefore their relative 
proportion in each sample may affect the overall reactivity (Sullivan, 1997). The proportion 
of these two forms apparently alternate according to the type of plant or organism that 
produces it. For instance, higher plants have predominantly Iβ form, whereas cellulose 
originated from primeval organisms has mostly Iα (Jamal, Nurizzo, Boraston, & Davies, 
2004; Thygesen et al., 2005). 
Besides this crystalline structure, natural occurring cellulose seems to comprehend 
other less organized and loosely portions, named “amorphous” cellulose. Despite the overall 
knowledge of the different levels of organization of the cellulose fibers present on the plant 
cell wall, the proportions and definite structure is still unclear (Gourlay, 2014). As shown in 
Figure 13, in general, cellulose is crystalline when molecules are tightly packed and is 
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amorphous when they are less densely packed. The crystalline areas are more insoluble and 
inaccessible to enzymatic attack than the amorphous areas, making the hydrolysis of these 
regions more complex and difficult (Warren, 1996). Most of the “amorphous phase” of 
cellulose corresponds to chains that are located at the microfibril surface, whereas crystalline 
components occupy the core (E. A. Bayer, Chanzy, Lamed, & Shoham, 1998). To sum up 
it’s important to refer that despite its terminology amorphous cellulose still has some level 
of organization (Sullivan, 1997), that its ratio and order in the main structure differ according 
to the phylogeny and it is reported to be easier to degrade by enzymes (Gourlay, 2014). 
 
 
Figure 13 – Organization of Cellulose. Cellulose is crystalline when molecules are tightly packed 
whereas it is amorphous when they are less densely packed (Chun et al., 2012). 
 
1.2.2.2 - Hemicellulose 
 
Following cellulose, hemicellulose is the second most abundant component in 
lignocellulosic materials, comprehending a diverse group of highly ramified polysaccharides. 
Unlike cellulose, hemicelluloses are not chemically consistent, establishing heterogeneous 
polymers of pentoses such as xylose and arabinose, hexoses like mannose, glucose, galactose, 
and also sugar acids. The type of polymers depends on the hemicellulose’s origin, since 
normally hardwood hemicellulose contains more xylans and softwood hemicelluloses are 
mainly formed by glucomannans (Saha, 2003; Rose, 2003). 
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1.2.2.2.1 - Xyloglucan 
 
In land plants, xyloglucan is the most predominant cross-linking hemicellulosic 
polymer. This polysaccharide is composed of a semi rigid β-1,4-glucan backbone commonly 
decked with α-1-6-xylosyl residues on the side chains. The side chain residues are often 
replaced at O6 by diverse alternative glycosyl residues according to the phylogeny and cell 
type (Fry, 1989; Wallace & Somerville, 2014); rose, 2003). 
-  
Figure 14 – Xyloglucan structure (Bhalekar, Sonawane, & Shimpi, 2013). 
 
1.2.2.2.2 - β-Glucan 
 
The β-glucans are included in the glucan category which consists in glucose 
polymers linked by either an α or β bond. In β-glucans the D-glucose is linked by a β-
glycosidic bond (El Khoury, Cuda, Luhovyy, & Anderson, 2012). The uniqueness of this 
molecule resides on this linkage alternate conformation, causing twists in the main chain and 
reducing intermolecular associations (Edney 1991). 
This hemicellulosic polysaccharide is mostly present in cereals such as barley, oats, 
rye and wheat. The overall structure of this polysaccharide varies according to the source. 
One of the simplest structure of β-glucans is found on the plant cell wall of some cereal grains 
such as barley and its composed by linear β-1,3; 1,4-D-glucans (Figure 15). In contrast, 
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glucans extracted from bacteria, yeast and fungi and some algae tend to present a branched 
structure consisting of β-(1,3)- or β-(1,4)-glucan backbone with either (1,2)- or (1,6)-linked 
β-glucopyranosyl side branches (El Khoury et al., 2012). This polymer has raised further 
interest when compared with other cellulosic polysaccharides due to its nutritional and 
medical value (Brown & Gordon, 2001). 
 
 
Figure 15 – β-Glucan Structure. National Center for Biotechnology Information. PubChem 
Compound Database; CID=46173706, http://pubchem.ncbi.nlm.nih.gov/compound/46173706 
(accessed Apr. 22, 2015). 
 
1.2.2.2.3 - Mannose derivatives – Mannan, 
glucomannans and galactomannan 
 
The polysaccharides derived from mannose are a significant constituent of plant 
biomass and also very useful as thickeners and stabilizers in the food and pharmaceutical 
industries.  
Mannan comprises a backbone of β-1,4-linked mannose residues, whereas the other 
mannose-containing polymers have a heterogeneous linkage of mannose and other sugars. 
For instance glucomannans are randomly distributed mannose and glucose β-1,4 bonds, 
whereas galactomannans have the mannan backbone decorated with an α-1,6-linked 
galactosyl residue (Brett, Waldren, & Brown, 1996). 
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1.2.2.3 - Pectin  
 
Pectins are highly conserved polysaccharides amongst land plants, acting as the 
foremost filler between cellulose and hemicelluloses. This cell wall component is composed 
by a backbone structure of galacturonic acid α-D-GalA linked at mutually 1 and 4 positions.  
Pectic substances can be divided in three main categories, as shown in Figure 16: 
homogalacturonan (HG), rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II). 
HG consists in α-D-GalA single chain that can suffer some modifications like O-acetylation 
at O-2 or O-3 and substitution of the O-3 with β-D-Xyl, depending on the type of plant of 
origin. The difference between HG and the RG-II lies on the addition of alternative 
polysaccharide side chains mainly with galacturonic acid and rhamnose.  In contrast, RG-I 
has a single chain backbone with repetitions of 4-α-D-GalA-1,2-α-L-Rha-1 in which the 
GalA residues are extremely acetylated at O-2 or O-3 (Atmodjo, Hao, & Mohnen, 2013). 
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Figure 16 - Structures of the main pectic polysaccharides and in pectin-containing cell wall 
proteoglycans: (a) homogalacturonan (HG), (b) rhamnogalacturonan II (RG-II), (c) 
rhamnogalacturonan I (RG-I) backbone (Atmodjo et al., 2013). 
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1.3 -  Breaking the wall  
 
One of the greatest hurdles of the widespread usage of plant biomass as feedstock 
to produce bioenergy is related to the difficulties associated with the pre-treatments required 
to degrade the plant cell wall. In order to be profitable, besides large scale availability and 
having a low purchase price, the technology used to convert biomass to energy must be 
effective, efficient and also low cost, all of which are not yet available. 
 
1.3.1 - Conventional treatments 
 
Pre-treatments consist in the preparation of the lignocellulosic biomass through 
solubilization or separation of its main components. The proper pre-treatment must be 
adjusted to the feedstock, enzymes and organism used in all stages of the process. Although 
efforts have been made in the past decades to reduce the cost associated with lignocellulosic 
pre-treatments, most methods implemented weren't fully satisfactory (Menon & Rao, 2012). 
The effectiveness of these treatments reside on the balance of operational costs, the 
range of lignocellulosic materials that can be used, the harnessing of most feedstock and the 
accurate separation of each component (Agbor, Cicek, Sparling, Berlin, & Levin, 2011). 
Although it is extremely difficult to evaluate and compare methods, the perfect 
system would produce a disrupted carbohydrate substrate that could easily be hydrolyzed, 
avoiding the production of other by-products that could compromise the fermentation, like 
inhibitors, or that might degrade sugars. Based on these ideal standards, pretreatments are 
rated according to the severity factor which is determined by the combined effect of three 
main factors: the temperature, acidity and duration (Agbor et al., 2011). 
Most of the pretreatments available nowadays involve either physical, chemical and 
biologic treatments or a combination of these techniques (Menon & Rao, 2012). 
  
 
 
1.3.1.1 - Physical Treatments 
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Physical pretreatments encompass the mechanical process that literally breaks the 
biomass into smaller sizes. This may be obtain through several methods such milling, 
irradiation or extrusion (Agbor et al., 2011; Menon & Rao, 2012; Yang & Wyman, 2008). 
Most of these methods require the use of more energy than the energetic potential 
of the biomass being treated, therefore making this option highly inadequate to its industrial 
implementation (Menon & Rao, 2012; Yang & Wyman, 2008). In order to make this method 
profitable, it must be combined with chemical treatments thus increasing the efficacy of the 
process by decreasing the associated costs (Agbor et al., 2011). 
 
1.3.1.2 - Chemical Treatments 
 
The effect of several chemicals on loosening the structure of lignocellulosic biomass 
have been report in diverse studies, being one of the most applied methods and according to 
some authors the most effective. The chemical treatments are normally divided according to 
the used solvents and its pH (Agbor et al., 2011). 
On the higher pH range we have the alkaline solvents such as NaOH, KOH and 
Ca(OH)2. These reagents increase the surface area while decreasing the degree of 
polymerization (dp) and crystallinity of  the biomass therefore making the carbohydrates 
more accessible (Agbor et al., 2011). This is generally achieved due to the alkali ability to 
break the ester and glycosidic bonds in the side chains. The conditions required for the 
alkaline treatment are usually less aggressive since it’s possible to reduce the operation 
temperatures by increasing the process time. Unfortunately this method involves additional 
steps of neutralization to remove lignin and inhibitors (Menon & Rao, 2012). 
In order to use acids, such as sulfuric, hydrochloric and phosphoric acids, to 
hydrolyze biomass it’s necessary to dilute them due to their corrosive proprieties (Agbor et 
al., 2011). The acid hydrolysis of the sugars normally present high product yields in a short 
amount of time but requires high temperatures which in association to its harshness decreases 
the overall appeal of this method (Menon & Rao, 2012). This technique also requires 
additional neutralization and in order to be profitable the solvent must be recovered and 
reused (Agbor et al., 2011). 
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The use of green solvents has been one of the most promising alternatives to the 
regular solvents. The so called ionic liquids (IL) have been increasingly gaining interest in 
various fields and the degradation of vegetable biomass it is not an exception (Yang & 
Wyman, 2008). These remarkable new solvents can be adapted according to the requirements 
of the process in consideration, but in general they consist entirely of ionic species. These 
salts are composed mainly by one or more large ions and a low symmetry degree cation. The 
ionic liquids may be allocated to two main categories, the simple salts and the binary ionic 
liquids. By exposing cellulosic material to IL the samples become essentially amorphous and 
porous increasing the efficacy of degradation by enzymes. The advantage of this technique 
resides on the fact that the energy and skills requirements are less demanding as well as its 
friendliness to environment. However, due to being a recent technology the costs associated 
with the solvent itself and the all the optimization that still need to be done in order to make 
it profitable, its commercial application is still limited (Menon & Rao, 2012). 
 
1.3.2 - Biological Treatments 
 
One of the most current strategies in science is to mimic nature and the plant cell 
wall degradation is an excellent example of how useful environmental strategies can be used 
to solve our problems. 
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Several organisms, as shown in Figure 17, have been digesting lignocellulosic materials for 
ages, ruminants such as sheep and cows obtain 70% of their energy from breaking the 
cellulosic bonds and converting them to smaller carbohydrates (Dassa, Borovok, Ruimy-
Israeli, & Lamed, 2014). Another common example is the action of termites in degrading 
Figure 17- Classification of microbial taxons bearing putative CAZymes. (a) The pie chart shows 
the abundance of phylum and (b) genus abundances ordered from the most abundant to least 
abundant (Singh et al., 2014). 
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wood. Since we are not planning to use these animals directly in the industry, it is essential 
to fully understand their remarkable ability. 
Termites normally work in association with fungi in a symbiotic relationship where 
the fungi digest the cellulose while termites then consume both of them. From previous 
studies the usage of fungi has proven to be not as efficient as desirable, since growth 
conditions and the necessary area must be carefully controlled and the overall process is slow, 
therefore reducing its industrial appeal (Menon & Rao, 2012). 
Nevertheless, low energy and mild environmental requirements associated with 
environmentally friendliness make the biological approach a very promising technique, 
prompting the research of bio-alternatives to fungi. This search brings us back to the 
ruminants which have a fascinating crew of bacteria in their rumen helping them to degrade 
lignocellulosic biomass. Despite being well known that cellulosic bacteria play a major role 
in degrading plant fibers on the rumen, only a few species have been identified, namely 
Ruminococcus and Fibrobacter, on which we are going to focus our attention (Dassa et al., 
2014). Besides these species, there are other microorganisms that have been classified as 
plant degrading and that are resumed at Figure 18.These organisms’ ability to degrade the 
plant cell wall comes from their extracellular consortium of enzymes such as cellulases and 
hemicellulases. These enzymes normally display an extremely complex architecture, 
merging catalytic modules to non-catalytic modules which can either be interactions between 
two proteins like the dockerin-cohesin modules or protein-carbohydrate such as CBMs-
substrate interactions (Fontes & Gilbert, 2010). 
Besides the common presence of an enzymatic complex, aerobic and anaerobic 
microorganisms present very distinct ways of approaching and organizing their plant cell 
wall degrading machinery. Aerobic microorganisms present a free enzyme system where 
enzymes are either secreted into the extracellular milieu or are located on the outer 
membrane. Although these enzymes do not physically associate, they do display extensive 
biochemical synergy (H J Gilbert, Stalbrand, & Brumer, 2008). In contrast, anaerobes such 
as Clostridia and rumen bacteria have a particularly interesting multienzyme assembly 
system termed cellulosome (Fontes & Gilbert, 2010).  
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Figure 18 - Principal cellulolytic bacteria and their major morphological features. Summary Table from (Lynd, Weimer, Zyl, & Pretorius, 2002). 
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1.4 -  The Cellulosome  
 
The cellulosome was first described in 1983, more than thirty years ago, in the 
Clostridium thermocellum, an anaerobic thermophilic bacteria known for its cellulolytic 
abilities (Fontes & Gilbert, 2010; Smith & Bayer, 2013).  
Table 5 – Cellulosome-producing microoganisms. Mes- Mesophilic (25º-40ºC) Ther- Thermophilic 
(> 40ºC) (Doi & Kosugi, 2004). 
Microorganism Growth Temperatures Source 
A
n
ae
ro
b
ic
 B
ac
te
ri
a 
Acetivibrio cellulolyticus 
Mes Sewage 
Bacteroides cellulosolvens 
Mes Sewage 
Butyvibrio fibrisolvens 
Mes  Rumen 
Clostridium acetobutylicum 
Mes  Soil 
Clostridium cellobioparum 
Mes  Rumen 
Clostridium cellulolyticum 
Mes  Compost 
Clostridium cellulovorans 
Mes  Wood 
fermenter 
Clostridium josui 
Mes Compost 
Clostridium papyrosolvens Mes Paper mill 
Clostridium thermocellum Ther Sewage soil 
Ruminococcus albus Mes Rumen 
Ruminococcus flavefaciens Mes Rumen 
A
n
ae
ro
b
ic
 
F
u
n
g
i 
Neocallimastix patriciarum Mes Rumen 
Orpinomyces joyonii Mes Rumen 
Orpinomyces PC-2 Mes Rumen 
Piromyces equi Mes Rumen 
Piromyces E2 Mes Faeces 
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Since then, several studies and reviews have been conducted in order to expand the 
knowledge in this field and to enhance the viability of exploiting cellulosomes to degrade 
plant biomass (Doi & Kosugi, 2004; Smith & Bayer, 2013). The efforts made enabled the 
identification of several other microorganisms able to produce cellulosomes, as seen in table 
5. 
Generally the cellulosome is composed of two main components; the non-enzymatic 
scaffolding proteins called scaffoldins and a variety of attached CAZymes.  In a pivotal 
protein-protein cellulosome assembly interface, termed type-I Coh-Doc interaction, the 
cohesin domains present on the scaffoldins bind to the dockerin domains existent on the 
enzymes (Figure. 19) (Doi & Kosugi, 2004; Fontes & Gilbert, 2010).  
 
Figure 19-Cellulosome assembly mechanism. The catalytic modules (enzymes) are generally 
appended to a dockerin module which is coupled to a non-catalytic module composed of CBMs. The 
dockerins bind to the cohesins (red) of a non-catalytic scaffoldin, providing a mechanism for 
cellulosome assembly. Additionally the scaffoldin also contains a cellulose-specific family 3 CBM 
(CBM3a) and a C-terminal divergent dockerin that targets the cellulosome to the plant cell wall and 
the bacterial cell envelope, respectively (Fontes & Gilbert, 2010). 
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In more complex systems, such as those present in C. thermocellum, Acetivibrio 
cellulolyticus and Bacteroides cellulosolvens, besides the primary scaffoldin there are 
multiple anchoring scaffoldins, thus enabling the linkage of the cellulosome to the cell 
surface. This anchoring is due to C-terminal S-layer homology (SLH) modules that mediate 
the scaffoldin cell-wall attachment, while these anchoring scaffoldins also possess type-II 
cohesins involved in the so called type-II Coh-Doc interactions with the primary scaffoldin-
borne C-terminal divergent type-II dockerin (Fontes & Gilbert, 2010).The simplest 
cellulosome system consists of a single scaffold protein with a few cohesins and a 
carbohydrate binding module (Doi, 2008). This assembly mechanism changes according to 
the organism from which it is isolated. The simplest cellulosomes are characteristic from 
Clostridia and present only type-I cohesins, lacking type-II dockerins, and therefore are not 
anchored to the cell surface (Doi & Kosugi, 2004; Fontes & Gilbert, 2010). 
In B. cellulosolvens there are two scaffoldins, a primary scaffoldin termed ScaA that 
includes 11 type-II cohesins with a C-terminal type-I dockerin, and an anchoring scaffoldin 
named ScaB containing 10 type-I cohesins. This overall structure can comprise a total of 110 
dockerin-enzymes and reveals an apparent Coh-Doc role reversal, as type-II interactions 
mediate enzyme assembly while type-I interactions mediate cell surface binding (Xu et al., 
2004) (Figure 20). 
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One of the most complex cellulosomes is present in a significantly important rumen 
bacterium, R. flavefaciens. Its cellulosome comprises the scaffoldins ScaA, ScaB, ScaC and 
ScaE as well as the CttA protein which carries two CBMs (S. Y. Ding et al., 2001) (Figure 
21). 
 
 
Figure 20 - B. cellulosolvens cellulosome system.  
This cellulosome includes two known scaffoldins, ScaA (primary scaffoldin) and ScaB (anchoring 
scaffoldin) with 11 and 10 cohesins, respectively. The types of cohesins carried by the primary and 
anchoring scaffoldins are reversed relatively to their canonical role. (E. a. Bayer, Lamed, White, & 
Flints, 2008) 
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Figure 21 - Schematic representation the cellulosome-related proteins in R. flavefaciens. Schematic 
representation of scaffoldins, cohesin- and dockerin-containing proteins, which were identified in the 
genomes of each strain. Numbers indicate the copy number of each type of protein architecture, 
identified in the designated strain. Legend of pictograms is shown below (Dassa et al., 2014). 
 
These different scaffoldins have specific functions according to their type. For 
instance ScaA and ScaB are major subunits with several different repeats of cohesin modules. 
The ScaA has a specific C-terminal dockerin whereas ScaB harbors a C-terminal X-dockerin, 
a type-II Doc associated with an auxiliary module named, X-module. The anchoring function 
in these strains is attributed to ScaE thanks to its ability to bind either to ScaB or CttA. Lastly 
ScaC acts as an adaptor to regulate the binding of the various scaffoldin or the enzymes 
(Dassa et al., 2014). 
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1.4.1 - Key Enzymes 
 
When first described, cellulosomes were exclusively characterized as cellulose 
degrading biologic machines, however further studies clarified that they assemble a wide 
array of enzymes such as hemicellulases, pectinases and chitinases that can be divided in four 
main categories: glycoside hydrolases, glycosyltransferases, polysaccharide lyases and 
carbohydrate esterases (Doi, 2008) (Figure 22). 
 
 
Figure 22 – Main carbohydrate-active enzymes and their action mechanism (Davies, Gloster, & 
Henrissat, 2005). 
 
1.4.1.1 - Glycoside Hydrolases 
 
Glycoside hydrolases (GHs) consist of a group of essential enzymes for plant cell 
wall hydrolysis. These enzymes break β-glycosidic and α-glycosidic bonds, and according to 
the catabolic mechanism can be classified as retaining or inverting enzymes. The main 
difference between these two denominations is that retaining enzymes maintain the 
configuration at the anomeric carbon, whereas inverting enzymes do not perform 
transglycosylations and only hydrolysis by inverting the configuration’s at the anomeric 
center (Cantarel et al., 2009). 
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The GH action mechanism also differs according to the substrate, thus affecting the 
overall final product. For instance exo-acting enzymes remove units of one or more sugars 
from the chain ends, whereas endo-acting enzymes cleave random bonds within the interior 
of the chain (Warren, 1996). In substrates like cellulose where the structure differs along the 
chain, the usage of both enables a better cleavage. The exo-β-1,4-glucanases release 
cellobiose whereas endo-β-1,4-glucanases degrade the amorphic regions of cellulose. 
The GHs are classified according to both the type of catalyzed reaction and their 
substrate-specificity by the International Union of Biochemistry and Molecular Biology 
(IUB-MB; 1984). Their nomenclature consists in EC 3.2.1.x where the first three numbers 
correspond to enzymes hydrolyzing O-Glycoside bonds and the last two digits indicate either 
substrate or molecular mechanism (Henrissat, 1991). The nomenclature was revised by 
Henrissat in 1991, who tried to complement it by organizing the families according to 
sequence similarities since these bear a direct relationship to the folding of an enzyme. This 
classification system enables the organization in 14 clans which according to CAZymes 
database includes 133 families as shown in table 6 (May 2015)(Lombard et al., 2014). 
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Table 6 - GH clans of related families. Adapted from CAZy (Lombard et al., 2014). 
Clans of 
Related 
Families 
Protein Fold GH Families 
GH-A 
(β/α)8 
1 2 5 10 17 26 30 35 39 42 50 51 53 59 72 79 86 113 
128 
GH-B 
β-jelly roll 7 16 
GH-C 
β-jelly roll 11 12 
GH-D 
(β/α)8 27 31 36 
GH-E 
6-fold β-propeller 33 34 83 93 
GH-F 
5-fold β-propeller 43 62 
GH-G 
(α/α)6 37 63 
GH-H 
(β/α)8 13 70 77 
GH-I 
α+β 24 46 80 
GH-J 
5-fold β-propeller 32 68 
GH-K 
(β/α)8 18 20 85 
GH-L 
(α/α)6 15 65 125 
GH-M 
(α/α)6 8 48 
GH-N 
β-helix 28 49 
 
1.4.1.2 - Glycosyl Transferases 
 
The glycosyl transferases (GTs) are able to catalyze the transfer of sugar moieties 
from an activated donor to a specific acceptor forming glycosidic bonds (Sinnott, 1990). This 
type of mechanism can either generate an inversion or a retention of the anomeric 
configuration (Campbell, Davies, Bulone, & Henrissat, 1997). Until now there are 97 
different identified families according to CAZy database (Lombard et al., 2014). 
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1.4.1.3 - Polysaccharide Lyases 
 
Polysaccharide lyases (PLs) consist of a group of enzymes responsible for the 
cleavage of glycosidic bonds of specific carbohydrates that contain uronic acid through β-
elimination, generating an unsaturated hexenuronic acid residue and a new reducing end. 
They present various fold types suggesting that they may evolved from totally different 
scaffolds (Lombard et al., 2010). Currently they are divided in 22 families in the CAZy 
database. 
 
1.4.1.4 - Carbohydrate Esterases  
 
Carbohydrate esterases are a class of enzymes that catalyze the removal of O-(ester) 
and N-(acetyl) through De-O or De-N-acylation of substituted saccharides respectively as 
shown in Figure 23 (Davies et al., 2005; Lombard et al., 2014). As the previous enzymes 
they are organized in 16 different families in CAZy (May 2015) (Lombard et al., 2014). 
 
Figure 23 - Action mechanism of carbohydrate esterase. Carbohydrate esterases perform the O or N 
deacetylation of acetylated sugars (Correia, 2009). 
 
1.4.2 - Cohesin-Dockerin Interactions 
 
The interactions between cohesins and dockerins have a fundamental role on the 
overall assembly of the cellulosome (Doi & Kosugi, 2004). These Coh-Doc pairs exhibit one 
of the strongest protein-protein binding affinities known in nature, approximately 109M- (E. 
A. Bayer, Belaich, Shoham, & Lamed, 2004; Carvalho et al., 2003; Fontes & Gilbert, 2010). 
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Dockerins (Doc) consists of 70 amino acids containing two duplicated segments 
with 22 residues each. These protein modules serve a noncatalytic role in several cellulosome 
enzymes and are usually present in a single copy module at the C terminus. In contrast, 
cohesins (Coh) are composed of 150 residues and these modules tend to occur in tandem 
repeats in scaffoldins. Both Coh and Doc modules have a high homology rate within the same 
species, with highly conserved residues that are directly involved in this protein:protein 
interaction (Fontes & Gilbert, 2010). 
 
1.4.2.1 - Type-I Cohesin-Dockerin 
Interactions 
 
The first reports of cellulosomal structures were type-I cohesins from the scaffoldins 
of C. thermocellum and C. cellulolyticum. These type-I cohesins consisted in 147 residues 
forming a nine-stranded β-sandwich in an elongated shape, with a β-barrel and jelly-roll 
topology. The β-strands 8, 3, 6 and 5 compose the first β-sandwich sheet whereas strands 9, 
1, 2, 7 and 4 compose the second one with the β-strand 9 (C-terminus) and β-strand 1 (N 
terminus) running parallel while the rest are all anti-parallel. All nine β-strands are assembled 
around an extensive aromatic hydrophobic core (Ana Luísa Carvalho et al., 2003; Shimon et 
al., 1997). For example in B. cellulosolvens, the type-I cohesins are located on the ScaB cell-
surface anchoring scaffoldin, showing similarities with other cohesins from C. thermocellum 
and A. cellulolyticus (Xu et al., 2003). 
In contrast the dockerin module is composed by three -helices where the key 
conserved residues are located in helices 1 and 3. These three -helices present a 
conformation consisting in a loop-helix motif followed by a helix-loop-helix motif, 
connected by a six-residue segment (Lytle, Volkman, Westler, Heckman, & Wu, 2001). The 
crystal structure of the type-I Coh-Doc complex revealed that Coh interacts with its Doc 
partner mainly along one face of its flattened β-barrel. Despite the Doc remarkable internal 
symmetry, when in complex with the Coh initial reports revealed a preferable binding to the 
cohesin through its second duplicated segment (helix 3) while only the C-terminal region of 
helix 1 also contributed to ligand recognition (Ana Luísa Carvalho et al., 2003, 2007). 
Although the Coh-Doc interface mainly displays hydrophobic interactions, there is also a 
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network of hydrogen bonds between both proteins, were an highly conserved Ser-Thr pair in 
helix 3 of the Doc plays a central role in these polar interactions (Ana Luísa Carvalho et al., 
2003; Harry J. Gilbert, 2007) (Figure 24). 
 
Figure 24- Structure of a type-I cohesin-dockerin interaction from Clostridium thermocellum. The 
complex is formed between a cohesin module (red) and the Ca2+(orange spheres) bound dockerin 
(green). The residues involved in domain contacts are shown as stick models (Carvalho et al., 
2003). 
 
Nevertheless in 2007 Carvalho et al. revealed an alternative binding mechanism 
that allowed type-I Doc to bind to its Coh partner through two distinct surfaces, based 
alternatively on one of its two duplicated segments (Figure 24), thus uncovering a dual 
binding mode to Type-I Coh-Doc in C. thermocellum. This was achieved by mutating key 
residues in one of the Doc helices forcing the binding to occur through the other helix, not 
affecting the affinity constants between the two protein modules (Ana Luísa Carvalho et al., 
2007). Further experiments proved that a single binding mode could be obtained by 
substituting the Ser-Thr pair of helix 3 with two alanine amino acids, therefore inducing the 
mutated dockerin to rotate by 180º, with helix 1 now assuming the position of helix 3 and 
the Ser-Thr pair in the first duplicated segment dominating the hydrogen bond network. In 
summary the equivalent residues in helix 1 of mutant and helix 3 in the wild-type dockerin 
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interact with the cohesin module causing an almost perfect overlapping (Ana Luísa 
Carvalho et al., 2007). 
Apparently the dual binding mode is responsible for the introduction of quaternary 
flexibility into the multi-enzyme complex and for the enhancement of the substrate targeting 
and synergistic interactions between some enzymes such as exo- and endo-cellulases. 
Although its dual binding mode capability, the Coh-Doc binding stoichiometry is 
consistently 1:1 suggesting that the two binding sites are not able to recognize their ligands 
simultaneously. This dual binding mode may also be responsible for reducing the steric 
constrains that are likely to be imposed by assembling a large number of different catalytic 
and non-catalytic domains into a single cellulosome. The proline-threonine rich linker 
sequences that join cohesins within scaffoldins are also responsible for the quaternary 
flexibility. The inter-module linkers in free enzymes are extended and flexible, further 
supported by work showing the structure of adjacent cellulosomal cohesins of A. 
cellulolyticus where it is possible that cellulosomal synergy would be facilitated by the 
tethered motility of scaffoldins, as a result of the flexibility of the intermodular linker 
segment (Noach et al., 2009). Additionally the linker sequences joining the cohesin domains 
within the C. thermocellum scaffoldin are quite long with more than 35 residues, therefore 
displaying a conformational freedom that may contribute to the synergy showed by the 
enzymes within the cellulosomes (Hammel et al., 2005; Hammel, Fierobe, Czjzek, Finet, & 
Receveur-Bréchot, 2004). Furthermore, synergy optimization between specific enzymes 
and a better efficiency of cellulosome function may require the temporary switch of 
enzymatic subunits from one cellulosome position to another, but due to the tight 
interactions of the Coh-Doc this may be achieved by the existence of a second ligand 
binding surface (Fontes & Gilbert, 2010).  
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Figure 25 The dual binding mode of the Xyn10B dockerin. a) Ribbon representation of the 
superposition of the type-I Coh-Doc WT complex (orange) with its S45A-T46A mutant complex 
(blue). In the mutant complex, helix-1 (containing Ser-11 and Thr-12) dominates binding whereas, in 
the WT complex, helix-3 (containing Ser-45 and Thr-46) plays a key role in ligand recognition. Ser-
11, Thr-12, Ser-45, and Thr-46, which interact with the cohesin module, are depicted as stick models 
and colored accordingly. A second molecule of the mutant complex present in the crystal asymmetric 
unit is represented in light-grey ribbon. The Ca2+ ions are depicted as spheres and colored orange, in 
the case of the WT complex, and light blue, in the case of the mutant. The N- and C-terminal ends 
are labeled and colored accordingly 
b) The structure based sequence alignment of the WT (in red) and S45A-T46A mutant (in blue) type-
I dockerins. Mutated residues, Ala-45 and Ala-46, are shown in green. Due to the internal 2-fold 
symmetry of each dockerin module, the two structures overlap almost perfectly in their α1/α3 regions 
(Carvalho et al. 2007). 
 
Recent complimentary studies revealed that type-I coh modules are not exclusively 
present in C. thermocellum cellulosome scaffoldins as well as the dual binding module not 
being a ubiquitous feature of the type-I Doc (Smith & Bayer, 2013). 
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1.4.2.2 - Type-II Cohesin-Dockerin 
Interaction 
 
One of the most important mechanism for the optimal uptake of nutrients and 
consequently for the viability of the microbe is the proper cellulosomes’s attachment to the 
bacterial cell surface. In C. thermocellum the type-II Doc connects the cellulosome to the 
peptidoglycan layer through high-affinity interactions with type-II cohesins located in these 
cell-surface proteins: SdbA, OlpB, Orf2p and EXt (Béguin & Alzari, 1998; Fontes & Gilbert, 
2010). The first structure obtained for type-II interactions was the type-II cohesin of B. 
cellulosolvens of ScaA, followed by the type-II cohesin from C. thermocellum anchoring 
protein SdbA. Although they were obtained from different locations they both present the 
same  jelly-roll topology observed in type-I cohesins with the exception of the presence of 
an -helix, between β-strand 6 and 7 and of two β-flaps (Carvalho et al., 2005; Noach et al., 
2005). Despite presenting a similar fold to the type-I Doc, the type-II Doc also interacts with 
a neighboring module of unknown function, named the X-module, which adopts an 
immunoglobulin-like fold. Also both helices of type-II Doc contact with the cohesin surface 
over their entire length, contrasting with type-I Doc where ligand recognition is mainly 
associated with one of the Doc helices. 
Due to the reduced charge in the interaction surface, binding in type-II interactions 
is predominantly hydrophobic. Still, between both dockerin helices, β-strands 8-3-6-5 of the 
interacting interface of the cohesin module and the X module, there is a significant hydrogen 
bond arrangement. Additionally, the type-II complex displays an intimate hydrophobic 
interface between the type-II dockerin and the Ig-like X-module fold, enabling the C-terminal 
region on the CipA scaffoldin to assume a rigid and elongated conformation (Adams, Pal, 
Jia, & Smith, 2006). 
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Figure 26 - Structure of the type-II cohesin-Xdockerin complex (SdbAcoh-CipAXdoc) 
Ribbon representation of the type-II cohesin-dockerin complex with the cohesin module in blue, the 
dockerin in green and the X module in magenta. The β-strands of the X-module and the type-II 
cohesin are numbered in yellow. The N and C termini are labelled accordingly and the Ca2+ ions are 
depicted as orange spheres (Adams et al., 2006). 
 
The binding affinity between type-II cohesin, the X module and the dockerin was 
assessed by isothermal titration calorimetry (ITC) revealing a 1:1 stoichiometry and due to 
the fact that the high affinity of these interaction exceeds the limits of this technique the 
affinity constant was impossible to determine (Adams et al., 2006). 
The increased affinity of the type-II interaction was proposed to be associated to the 
X-module-mediated stabilization of the type-II dockerin combined with the hydrogen-bond 
contacts that exist directly between the X module and the type-II cohesin. 
The discovery of the structural and biochemical data leading to the dual binding 
mode altered dramatically the way that cohesin-dockerin interactions were perceived. 
Mutational studies sustain the ability of most type-I dockerins to interact with cohesins upon 
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a 180 degree rotation about the interface plane, reflecting a two-fold symmetry of the 
dockerin structure. Through studies based on the dockerin primary sequence it was possible 
to identify the critical residues for cohesin interaction and enabled the deduction of a possible 
dual binding mode (Noach et al., 2010). Therefore dockerins displaying a dual binding mode 
are composed of a near perfect 22-residue repeat, contrasting with single binding mode 
dockerins. Based on the existence of a near identical segment repeat in A. cellulolyticus, 
contrary to the situation on the type-II dockerin of C. thermocellum, Noach et al. (2010) 
hypothesized a dual binding mode interaction in the type-II dockerin of A. cellulolyticus 
(Figure 27). 
 
Figure 27- Symmetric and Asymmetric dockerin sequences – Sequence alignment showing the 22 
segment repeats of the asymmetric type-II dockerin (CipA) from C. thermocellum and the symmetric 
type-II ScaA dockerin from A. cellulolyticus. *-identical residues (Noach et al., 2010). 
 
Despite Noach et al (2010) attempted to crystallize the type-II cohesin-dockerin 
complex they were unable to do so, justifying their unsuccessful results with the apparent 
symmetry of the type-II dockerin which could lead to a dual binding mode, thus causing the 
formation of heterogeneous complexes and hinder the crystallization process. 
To sum up, although cohesin and dockerin modules were being classified in 
different types, it’s becoming more evident that this classification is only important to the 
phylogenetic similarities. The understanding of the cellulosomes and their composition may 
reveal unique dockerin sequences and their association with cellulosomal organization in 
order to potentially uncover novel CAZYme activities (Smith & Bayer, 2013). 
 
1.4.2.3 - Cohesin-Dockerin specificity 
 
Despite the structural similarity there is no cross-specificity between type-I and 
type-II cohesin-dockerin partners, thus enabling the efficient assembly and cell-surface 
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attachment of bacterial cellulosomes, respectively (Miras, Schaeffer, Béguin, & Alzari, 2002; 
Schaeffer et al., 2002). Concerning type-I cohesin-dockerin interactions, it is known that the 
sequence duplication displayed by type-I dockerins from a variety of organisms, besides C. 
thermocellum, shows that the dual binding mode may be replicated in the majority of other 
microbial cellulosomes (Figure 28). 
 
Figure 28 - Putative recognition residues of different dockerin domains derived from cellulosomal 
components of different species. Scaffoldin-borne dockerins are highlighted in grey. Consensus 
residues represent the dominant amino acids that appear in the designated position from the 
indicated group of cellulosomal enzymes (Bayer et al., 2004). 
 
By comparing dockerin sequences a correlation is apparent between the essential 
Ser-Thr pair (positions 11 and 12) present in both duplicated segments, suggesting a 
determinant role in the interaction in C. thermocellum. The comparison of both C. 
thermocellum and C. cellulolyticum showed an invariant positioning of these pairs within the 
same species but a divergence between them (Pagès et al., 1997). The same interspecies 
correlation is also maintained in the cohesin-dockerin interaction of C. thermocellum and C. 
josui due to its sequence similarity with C. cellulolyticum (Jindou et al., 2004). Consequently 
it is evident that there is a high variability in the type-I cohesin-dockerin interactions within 
species (Mechaly et al., 2001). 
Through mutagenesis essays Pagès et al (1997) revealed that the type-I dockerin 
found in C. cellulolyticum cellulosomal enzymes was unable to interact with the cohesins 
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found in C. thermocellum scaffoldins and vice-versa. Generally, the residues at positions 11 
and 12 of C. cellulolyticum dockerin were switched to the equivalent amino acids in C. 
thermocellum dockerins resulting in variants that recognized cohesins from both Clostridia 
(Pagès et al., 1997). More recent studies suggest that residues at positions 18, 19 and 23 are 
also involved in species-specific ligand recognition. Therefore, there is a species specificity 
within the tight Coh-Doc interaction, contrasting with the apparent sequence similarity 
between different species (E. A. Bayer et al., 2004). 
Distinctly from the type-I interaction, the type-II Coh-Doc complex shows a 
relatively extensive cross-species plasticity. As such, the type-II cohesin from the C. 
thermocellum anchoring scaffoldin SdbA binds, not only to the C. thermocellum CipA type-
II dockerin but also to both B. cellulosolvens and A. cellulolyticus type-II cohesins. 
Additionally, type-II Doc from A. cellulolyticus binds within the same species and also with 
C. thermocellum type-II cohesins (Haimovitz et al., 2008). The biological importance of the 
flexibility of type-II cohesin-dockerin interaction is yet to be discovered. 
 
1.4.3 - Carbohydrate Binding Modules  
 
Essentially CBMs are non-catalytic domains most commonly found as domains of 
modular glycoside hydrolases or other modifying enzymes that recognize different 
carbohydrates (Blake et al., 2006; Guillén & Sánchez, 2010; Hervé et al., 2010; Shoseyov, 
Shani, & Levy, 2006). 
The first mention of a non-hydrolytic component involved in the enzymatic 
degradation of crystalline cellulose was in the late 1940s and it was termed C1. Though 
initially CBM's were classified as cellulose binding domains (CBDs) with further studies and 
the increasing number of carbohydrate-active enzymes discovered that bind to  carbohydrates 
other than cellulose, a more comprehensive terminology emerged, the CBMs (Shoseyov et 
al., 2006). 
CBMs can be found in any domain of life, usually associated with catalytic proteins 
that are able to recognize polysaccharides such as cellulose, chitin, β-glucans, starch, 
glycogen or even lipopolysaccharide and blood group A/B antigens. Occasionally these 
peptides are found isolated as a single protein like in the small olive pollen protein, Ole e 10, 
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the non-catalytic chitin-binding protein CBP21 from Serratia marcesens and the E7 and E8 
from Thermobifida fusca  (Guillén & Sánchez, 2010). 
A CBM is thus defined as a contiguous amino acid sequence within a carbohydrate 
enzyme with a discrete fold having carbohydrate binding activity. This protein normally 
contains from 30 to 200 amino acids and exists as a single, double or triple domain. Their 
location within the parental protein can be both C- or N-terminal, being occasionally centrally 
positioned within the polypeptide chain (Guillén & Sánchez, 2010; Shoseyov et al., 2006) 
(Figure 29). 
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Figure 29 - CBM distribution in different proteins. They can be present in different numbers 
and diverse locations in the polypeptide chain. CD symbolizes the position of the catalytic domains 
in various glycoside hydrolases. The codes in parenthesis correspond to UniProt entries (Guillén & 
Sánchez, 2010). 
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1.4.3.1 - CBM’s Classification and 
Nomenclature 
CBMs have also been grouped into CAZy sequence-based families; currently, 
around half of the 59 CBM families contain members that bind to cell wall polymers. CBMs 
are suggested to enhance the efficiency of enzymes by mediating prolonged and intimate 
contact between the respective catalytic module and its target substrate. 
Similar to the catalytic modules of glycoside hydrolases, CBMs are divided into 
families on the CAZy database (Hervé et al., 2010; Lombard et al., 2014; Shoseyov et al., 
2006) reaching a total of 71 CBM Families (January 2015). In its simplest form terminology, 
a CBM is named by its family, e.g. family 6 CBM from Clostridium thermocellum XynZ 
would be called CBM6, but one may also include the organism and even the enzyme from 
which it is derived to improve clarity. Thus this CBM6 may be defined as CtCBM6 or 
CtXynZCBM6. If glycoside hydrolases contain tandem CBMs belonging to the same family, 
a number corresponding to the position of the CBM in the enzyme relative to the N-terminus 
is included (Boraston, Bolam, Gilbert, & Davies, 2004). For example, Clostridium 
thermocellum enzyme Cthe_2137 contains two CBMs from family 35 and thus the first CBM 
is referred to as CtCBM35-1 and the second as CtCBM35-2. 
In order to improve the identification process of novel CBMs, the family 
classification of CBMs was created. In some cases, the family classification may allow 
predicting of the binding specificity while aiding in identifying functional residues and 
revealing evolutionary relationships (Gilbert H.J., 1999). In 2004 Boraston et al. proposed a 
classification of CBM families based on their structural fold, alike what was described for 
the GHs superfamily classification. Therefore CBM families were categorized into seven 
structural family folds (β-sandwich, β-trefoil, cysteine knot, unique, OB fold, hevein fold and 
hevein-like fold). However, the dominant fold among CBMs is the β-sandwich fold, family 
fold 1 (Figure 29), and it comprises two β-sheets, each consisting of three to six antiparallel 
β-strands (Boraston et al., 2004). 
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Figure 30 - CBMs classification based on fold (Correia, 2009). 
 
Besides their different fold characteristics CBMs have shown three main 
specificities, enabling a ligand binding property based assemblage (Guillén & Sánchez, 
2010). CBMs are also grouped into three types: type A CBMs which interact with crystalline 
polysaccharides, primarily cellulose, type B modules which bind to internal regions of single 
glycan chains, and type C CBMs that recognize small saccharides in the context of a complex 
carbohydrate (Fontes and Gilbert, 2010). 
 
1.4.3.1.1 - Type A CBMs – surface-binding 
 
Type A CBMs include members of CBM families 1, 2a, 3, 5 and 10 that bind to 
insoluble, highly crystalline polysaccharides, such as cellulose, chitin or mannan. Therefore, 
showing little or no affinity for soluble carbohydrates provides a distinctive property when 
compared with the other CBM types. These CBMs have a flat or platform-like hydrophobic 
surface composed of aromatic residues that recognize the carbohydrate ligand, as shown in 
Figure 32. Thus, the planar conformation of the type A binding site reflects the architecture 
of the crystalline polysaccharides to which they bind and that also displays a flat surface. 
Hydrogen bonds have little effect in ligand recognition which is dominated by stacking 
interactions. Additionally, the interaction of type A CBMs is associated with positive 
entropy, demonstrating that the thermodynamic forces that drive the binding of CBMs to 
crystalline ligands are relatively unique among carbohydrate binding proteins (Boraston et 
al., 2004; Guillén & Sánchez, 2010). 
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Figure 31 – CBM from type A. Type A CBM1 (PDB:1cbh) from Hypocrea jecorina L27 (Kraulis, 
1989). 
 
1.4.3.1.2 - Type B CBMs – glycan-chain-binding  
 
Type B CBMs bind to amorphous cellulose or soluble complex carbohydrates such 
as xylan or xyloglucan, for example. These CBMs allocate the carbohydrate chain in a 
distinctive cleft in which aromatic residues interact with the single polysaccharide chain 
(Figure 32). Aromatic side chains form twisted or sandwich platforms. The orientation of 
these amino acids was shown to be a key determinant of ligand specificity. Biochemical 
studies revealed that the binding capacity of these CBMs is determined by the degree of 
polymerization of the carbohydrate ligand. Therefore, the affinity was shown to be higher for 
hexasaccharides and much lower for oligosaccharides with a degree of polymerization of 
three or less. Consequently, type B CBMs are usually described as “chain binders”, where 
the depth of these binding sites varies from very shallow to being able to accommodate the 
entire width of a pyranose ring. Additionally, type B CBMs comprise several sub-sites that 
are able to accommodate the individual sugar units of the polymeric ligand. Among others, 
CBMs from families 2b, 4, 6, 15, 17, 20, 22, 27, 28, 29, 34 and 36 are included in this type 
B group and in general, these proteins have evolved binding site topographies that are able 
to interact with individual glycan chains rather than crystalline surfaces. In contrast with what 
was observed in type A CBMs, direct hydrogen bonds play a key role in defining the affinity 
and ligand specificity in type B CBMs (Boraston et al., 2004; Guillén & Sánchez, 2010; 
Hashimoto, 2006). 
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Figure 32- CBM from type B. Type B CBM4-2 (PDB:1GU3) from Cellulomonas fimi ATCC 484 
(Boraston et al., 2002). 
 
1.4.3.1.3 - Type C CBMs – small-sugar-binding  
 
Lastly, this unique class of CBMs have the lectin-like property of binding optimally 
to mono-, di- or tri-saccharides, thus lacking the extended binding-site grooves of type B 
CBMs (Boraston et al., 2004) (Figure 33). It should be emphasized, however, that the 
distinction between type B and type C CBMs can be subtle. For example, the type B CBM6 
module of the Clostridium stercorarium xylanase has a very similar fold to the type C lectin-
like CBM32 family, but apparently binds longer oligosaccharide ligands (Boraston et al., 
2004). Nevertheless, it is apparent that the hydrogen-bonding network between protein and 
ligand is more extensive in type C than in type B CBMs, consistent with their lectin-like 
properties (Boraston et al., 2004). The type C CBMs currently include examples from 
families 9, 13, 14, 18, 32, 40, 42, 43 and 50 (Table 30). Members of families 13 (e.g. ricin 
toxin B-chain), 14 (e.g. tachycitin) and 18 (e.g. WGA) were first discovered as lectins with 
small-sugar-binding activity and have only subsequently been included as CBMs due to their 
discovery in a number of glycoside hydrolases that degrade plant structural carbohydrates 
(Boraston et al., 2004). 
Identification and characterization of type C CBMs is lagging behind type A and B 
CBMs, probably due to their limited presence in plant cell wall active glycoside hydrolases. 
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Rather, type C CBMs, particularly CBMs from families 13 and 32, appear to be more 
prevalent in bacterial toxins or enzymes (glycoside hydrolases and glycosyl transferases) that 
attack eukaryotic cell surfaces or matrix glucans (Boraston et al., 2004). 
 
 
Figure 33 - CBM from type C. Type C CBM13 (PDB:1MC9) from Streptomyces lividans (Notenboom, 
2002). 
 
1.4.3.2 - CBM’s Functions 
 
CBMs primarily function is to recognize and bind specifically to carbohydrates. The 
biological consequence of this event is a closer proximity between the catalytic domain and 
the substrate, resulting in enhanced hydrolysis of insoluble substrates, polysaccharide 
structure disruption and cell surface protein anchoring (Boraston et al., 2004; Guillén & 
Sánchez, 2010). However, there are a few specific tasks worth referring. 
 
1.4.3.2.1 - Enzyme targeting  
 
The association of CBMs to CAZymes is responsible for the increased enzyme 
concentration on the polysaccharide surface as well as enhancing enzymatic activity. 
Therefore, the removal of the CBM causes a reduction, and in some cases abolition of binding 
to insoluble substrates, resulting in a partial or complete loss in catalytic activity. 
Nonetheless, the activity on soluble substrates is not frequently affected (Guillén & Sánchez, 
2010). 
According to their type, CBMs also show a tendency to escort specific enzymes. For 
instance, CBMs that bind to the surfaces of crystalline polysaccharides (referred to as type A 
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modules) can be appended to a variety of glycoside hydrolases. Whereas, CBMs that interact 
with single polysaccharide chains (type B or C) bind to polysaccharides that are the substrates 
for the cognate catalytic module of enzymes such as, cellulases, xylanases and mannanases 
that contain type B CBMs which bind to cellulose, xylan and mannan, respectively. 
Consequently, the CBM maintains proximity of the appended catalytic domain with its target 
substrate within complex macromolecular structures, such as the plant cell wall. It is apparent 
that this targeting function is even more subtle than the somewhat crude partitioning of 
enzymes to the different polysaccharides of plant cell walls. Although the interaction of 
CBMs with cellulose is occasionally irreversible, their contact with the cellulose surface is a 
dynamic process (Shoseyov et al., 2006). 
Through fluorescence recovery techniques, CBMs were labeled with fluorescent 
tags by Jervis et al. which confirmed that CBMs from Cellulomonas fimi are mobile on the 
surface of crystalline cellulose (Jervis, Haynes, & Kilburn, 1997). This dynamic binding 
behavior of CBMs has a functional importance as often they are part of cellulases acting 
processively (Lehtiö et al., 2003). Although CBMs have a high affinity for carbohydrates, it 
is obvious that an irreversible binding would be fatal for the catalytic efficiency of the 
appended hydrolytic domains. 
 
1.4.3.2.2 - Ligand binding and specificity: the 
role of aromatic residues. 
 
For CBM's carbohydrate recognition it is essential the interaction of aromatic amino 
acid side chains with ligands, in which the location of the aromatic amino acid side chain and 
loop structures that shape the binding sites to mirror the conformation of the ligand are the 
two main key factors to determine the binding specificity (Boraston et al., 2004). 
Again, the CBM type effects the binding residues and how the connection is made. 
For instance, type A CBMs bind to crystalline cellulose through a flat platform containing 
aromatic residues such as tyrosines and tryptophans, separated by a distance corresponding 
to the length of the repeating unit, 10.3 Å in cellulose (Figure 34A). In this case, the flat 
aromatic ring interacts with the pyranose rings of the polysaccharides. This driven interaction 
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may be supplemented by a few hydrogen bonds mediated by polar residues located at the 
binding interface (Tomme, Warren, & Gilkes, 1995). 
In contrast, type B CBM’s binding sites interact with individual glycan chains rather 
than crystalline surfaces (Boraston et al., 2004). In the binding sites of families 2b, 15, 17, 
27, 29, 34 and 36, the apolar platform can be twisted due to the rotation of the planes of two 
to three aromatic amino acid side chains relative to one another (Figure 34 B) (Boraston et 
al., 2004). In type B, the binding cleft can also present a sandwich form, where the aromatic 
amino acid side chains sandwich a sugar unit in the ligand by stacking against the face of the 
pyranose ring (Figure 34 C). This latest case is common to CBM families 4, 6, 9 and 22. The 
sandwich and twisted platforms may be used concurrently in the same CBM and can both 
accommodate the conformations of soluble oligosaccharide ligands (Boraston et al., 2004). 
CBMs appear to have performed carbohydrate-recognition sites which mirror the solution 
conformations of their target ligands, thereby minimizing the energy required for binding 
(Boraston et al., 2004). 
 
Figure 34 - The three types of CBMs - (A) - Planar Type A CBM CjCBM10 (B) - Twisted Type B 
CBM PeCBM29-2 (C) - Sandwich Type B CBM CfCBM4-2 (Boraston et al., 2004). 
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When comparing both types A and B it is clear that the aromatic residues play a 
crucial role in ligand recognition, where a significant importance depends on the orientation 
of these amino acids in relation to CBMs binding specificity. For example, CBM family 2 
contains type A and type B members, named CBM2a and CBM2b, which bind crystalline 
cellulose or xylan, respectively. The explanation to this contrasting ligand specificity results 
from the rotation by 90º of the side-chain of one of the surface tryptophan (Trp259) involved 
in the protein-carbohydrate interaction in CBM2b compared with its position in CBM2a 
(Simpson, Xie, Bolam, Gilbert, & Williamson, 2000). To prove this possibility, Simpson et 
al. (2000) showed that the ligand specificity of CBM2 is determined largely by a single amino 
acid, which controls the orientation of one of the tryptophan residues that interacts with the 
saccharide ligand. When the tryptophans are coplanar, the CBM recognizes the planar chains 
of cellulose, whereas when they are twisted into a near perpendicular arrangement, the 
protein recognizes the helical structure of xylan. Thus, in this CBM family, ligand specificity 
is determined largely by recognition of the three-dimensional shape of the polysaccharide 
ligand, rather than by specific hydrogen bonding patterns, as is typically seen in proteins that 
recognize monosaccharides (Simpson et al., 2000). 
Contrasting to type A CBMs, the direct hydrogen bonds in type B CBMs suggests 
the existence of an important influence between affinity and ligand specificity, usually 
described as chain binders. However there is no actual evidence indicating that water 
mediated hydrogen bonds are essential in CBM's ligand targeting. 
Although the orientation and positioning of the aromatic residues in the binding sites 
of CBMs is the primary driver of specificity and affinity in these proteins, other interactions, 
including direct hydrogen bonds and calcium-mediated co-ordination also play a significant 
role in CBM ligand recognition (Boraston et al., 2004). 
 
1.4.3.2.3 - Substrate disruption 
 
Although controversial, there has been some evidence implying the ability of CBMs 
for substrate disruption (Shoseyov et al., 2006). The binding of CBMs to a crystalline 
substrate leads to polysaccharide chains disorganization therefore enhancing the substrate 
availability. 
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Further studies showed an evident substrate disruption in independent and non-
catalytic chitin-binding protein CBP21, which belongs to CBM family 33 and is produced 
by S. marcescens. CBP21 promotes efficient crystalline chitin degradation by chitinases 
through polar interactions that modify the substrate arrangement (Guillén & Sánchez, 2010). 
Besides these substrates, CBMs also show non-hydrolytic disruption activity on other 
substrates such as starch (Southall, Simpson, Gilbert, Williamson, & Williamson, 1999) and 
cellulose fibers (Din et al., 1991). 
Additionally, enzymes located near CBMs which possess disruption functions, may 
facilitate the hydrolysis of recalcitrant substrates giving them an advantage over other 
enzymes. This idea is supported by experimental evidence that CBMs have disruption 
functions, although this property does not seem to be shared by many CBMs (Guillén & 
Sánchez, 2010). 
Another interesting attribute of CBMs is their prospect role in development and 
modulation of plant cell walls. For example, the olive pollen protein Ole e 10, which has 
been recently classified as a CBM family 43 member, is an independent CBM that binds to 
callose (1,3-β-glucan, major component of the pollen tube wall), suggesting a role in 
regulation of the enzymatic activity of proteins implicated into cell wall synthesis and 
degradation during pollen germination (Barral et al., 2005). 
Finally, it has also been demonstrated that CBMs prevent the flocculation of 
crystalline cellulose (Shoseyov et al., 2006), while Lee et al. (2000) provided the first 
physical evidence that a CBM from Trichoderma reesei caused peeling and smoothed surface 
on cotton fibers. This non-disruptive ability provides CBMs with the potential for usage in 
numerous biotechnological applications, such as in the textile and paper industries. 
 
1.4.3.2.4 - CBMs in pathogenic bacteria 
 
Besides binding to plant cell wall polysaccharides, CBMs are also able to recognize 
glycans in animal cells such as glycoproteins, glycolipids or other glyco-conjugates. 
Recently, several studies have reported the existence of CBMs in virulence factors or in 
proteins related to metabolism in pathogens. In association with toxins and hydrolases these 
Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome. 
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures. 
 
65 
 Universidade Lusófona de Humanidades e Tecnologias – Faculdade de Engenharia 
proteins could promote tissue destruction and enhance both bacterial spread and pathogenesis 
(Guillén & Sánchez, 2010). 
 For example, studies with virulence factors from Streptococcus pneumoniae and 
Streptococcus pyogenes provide evidence of host tissue recognition by multivalent binding 
of pullulanases with tandem CBM41 to alveolar type-II cells from mouse lung. The suggested 
biological function of these CBMs is to bind the bacteria to the reserves of intracellular 
glycogen in alveolar cells, allowing polysaccharide degradation by the pathogen (van 
Bueren, Higgins, Wang, Burke, & Boraston, 2007). A similar enhanced affinity to host lung 
tissue was shown with a virulence factor containing three family 47 CBMs from S. 
pneumoniae with specificity for fucosylated carbohydrates. The virulence factor was capable 
of binding ABH blood group antigens and more efficiently binding to LewisY antigen 
(Boraston et al., 2006). Similarly to CBM 47, other CBMs have showed either pathogenic or 
virulent associated properties as seen in Figure 34. 
 
Figure 35 - CBMs present in toxins, virulence factors or pathogenesis associated proteins (Guillén & 
Sánchez, 2010) 
 
The importance of these findings on the mechanism and specificity of ligand 
recognition in CBMs situated in virulence factors is related to the possibility of designing 
new compounds that target the biological function of CBM–ligand binding as a way to 
control pathogenesis or dissemination of pathogenic bacteria (Guillén & Sánchez, 2010). 
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1.4.3.3 - CBM’s Multivalence 
 
The weak interaction between a carbohydrate-binding protein and its ligand are 
often compensated in nature by multivalent interactions. In these cases, multiple clustered 
carbohydrate-binding sites interact simultaneously with carbohydrate ligands, which present 
multiple recognition elements, resulting in increased association constants relative to any one 
of the isolated protein–carbohydrate interactions (Boraston et al., 2004). These weak 
relations can result from a single protein having multiple binding sites or from the association 
of two or more univalent carbohydrate-binding proteins into multivalent quaternary 
structures (in random or in tandem). To date, no CBM has been found to form quaternary 
structures in its natural state. However, multiple CBMs, often arranged in tandem, are found 
frequently in glycoside hydrolases, which effectively become multivalent carbohydrate-
binding proteins. Interestingly, the appearance of multiple CBMs seems to occur more often 
in thermo- or hyperthermophiles enzymes. This may allow overcoming the loss of binding 
affinity that accompanies most molecular interactions at elevated temperatures (Boraston et 
al., 2004). 
The first CBMs in tandem to be investigated were the family 2b CBMs of 
Cellulomonas fimi xylanase 11A (Bolam et al., 2001). While the individual association 
constants for xylan were of approximately 104 M−1, CBMs linked in tandem displayed an 
association constant of approximately 106 M−1. A similar result was observed for the three 
family 6 CBMs of the Clostridium stercorarium putative xylanase (Boraston et al., 2002), as 
well as for the tandem CBM17 and CBM28 modules from Bacillus sp. 1139 Cel5 (Boraston, 
Kwan, Chiu, Warren, & Kilburn, 2003), showing that individual CBM modules containing 
multiple carbohydrate-binding sites occur in a variety of CBM families.  
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1.5 -  Process Improvements 
 
When faced with the challenge of enhancing the applicability of plant derived 
biomass several opinions emerge. However most of them fit in either of these two main 
trends: the improvement of the source or the improvement of the degradation techniques.  
 
1.5.1 - Plant Engineering  
 
One of the compelling reasons for the evaluation of plants as raw materials for the 
bio industries is the composition and structure of the lignified walls. Therefore several efforts 
are being made in order to improve the composition of plant cell walls for value-added 
agroindustrial uses (Boudet et al., 2003).  
Based on the chemical flexibility of the secondary cell wall it is possible to develop 
new strategies to enhance its composition through genetic engineering (Boudet et al., 2003). 
By this engineering the potential of plant biomass dramatically improves. This can be 
achieved through standard genetically modified (GM) procedures and through non-GM 
methods such as random mutagenesis and screening of natural variation (Burton & Fincher, 
2014). The evolution of functional genomics enable the targeting of new plant genes that 
rapidly become available for this purpose and their use will open new avenues for producing 
tailor-made plant products with improved properties (Boudet et al., 2003). 
Mutants with reduced levels of cellulose or with its crystallinity altered, termed 
Brittle mutants, promise to require less energy for milling and to enable enzymes to better 
hydrolyze and access the various cell wall components. In fact cellulose crystallinity has been 
associated as a sign of the susceptibility of cellulose to enzymatic depolymerisation (Burton 
& Fincher, 2014). 
However the manipulation of cellulose levels has demonstrated to be challenging. 
For instance the overexpression of a CesA gene in transgenic aspen, Populus tremuloides, 
resulted in silencing of the both the transgene and endogenous CesA genes, and greatly 
reduced cellulose levels (Burton & Fincher, 2014). 
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In addition to approaches involving CesA genes, the expansion of knowledge about 
transcription factors that regulate the expression of cellulose synthases could provide new 
opportunities to manipulate cellulose levels in crop plants (Burton & Fincher, 2014). 
Nonetheless, current studies suggests that plants will only tolerate relatively small 
changes in cellulose content, and as such there might be more scope for manipulating levels 
of the non-cellulosic polysaccharides of the wall (Burton & Fincher, 2014). 
Besides the undoubtedly importance of the advances in the cell wall biology and its 
implications in the commercial and industrial applicability, most of these approaches involve 
genetic modifications. The controversy associated with the usage of Genetic Modified 
Organisms is well known, not only in applications related to human food, but also for 
engineering forage crops, turf grass and bioenergy crops. Therefore this resistance tends to 
discourage new approaches that target genetic improvement of plants (Burton & Fincher, 
2014). 
 
1.5.2 - Engineered microbial systems 
 
In order for plant biomass to become a viable feedstock for meeting future 
biorefineries, efficient and cost-effective processes must exist to breakdown cellulosic 
materials into their primary components. A one-pot conversion strategy or, consolidated 
bioprocessing, of biomass into other by-products such as ethanol would provide the most 
cost-effective route to renewable fuels. The implementation of this strategy is being actively 
pursued by both multi-disciplinary research centers and industrialists working at the very 
cutting edge of the field (Elkins et al., 2010). 
 Even though a diverse range of bacteria and fungi possess the enzymatic machinery 
capable of hydrolyzing plant-derived polymers, till now none discovered are completely 
suitable for an industrial strength biocatalyst for the direct conversion of biomass to 
combustible fuels. Through combining synthetic biology with a better enlightenment of 
enzymatic cellulose hydrolysis at the molecular level it’s possible to envision the rational 
engineering of microorganisms for utilizing cellulosic materials with simultaneous 
conversion to fuel (Elkins et al., 2010; Hyeon et al., 2013). 
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The development of a hydrolysis enzyme complex is a useful strategy for the 
construction of CBP-enabling microorganisms, like shown in Figures 36 and 37. This 
pathway involves the combined engineering of non-cellulolytic organisms with the ability to 
produce a valuable and high-yield product (Hyeon et al., 2013). The synergistic interaction 
of multiple enzymes and their substrates overcomes the rate-limiting step of converting 
crystalline forms of cellulose to cellobiose, leading to the efficient degradation of crystalline 
polysaccharides in plants (Doi & Kosugi, 2004; Fontes & Gilbert, 2010). 
 
Figure 36 - Artificial multi-functional enzyme complex. This complex is composed of a recombinant 
scaffolding protein and dockerin-fused chimeric enzymes. (A) The recombinant scaffolding protein for complex 
formation includes two cohesin domains and a CBM. The cohesin domain serves as a binding moiety for the 
assembly of a multi-subunit enzyme complex. (B) Two types of dockerin-fused enzymes derived from a non-
cellulovorans and a non-cellulosomal enzyme, respectively, are constructed using the overlapping PCR method. 
Each chimeric enzyme is created by the fusion of a dockerin domain to endoglucanase EngB from C. 
cellulovorans (Hyeon et al., 2013). 
 
The use of the minicellulosome as a multi-functional enzyme complex leads to the 
co-localization of synergistic combinations of hydrolytic enzymes (Hyeon et al., 2013). This 
concept consists of a recombinant scaffoldin protein and cellulosomal enzymes merged as an 
efficient multi-functional enzyme complex for use in industrial bioprocesses. This would be 
achieved by the mix-and-match configuration of parts from different cellulosomes in a 
suitable industrial host cell system. Therefore, the construction of these engineered 
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complexes plays a major role in the industrial prospects. For instance, enzyme complexes 
containing the cellulosomal cellulase gene and the recombinant scaffoldin protein miniCbpA 
gene from C. cellulovorans were successfully co-expressed and formed in vivo in B. subtilis, 
S. cerevisiae and Corynebacterium glutamicum by harnessing the interaction between the 
cohesin and dockerin domains. Similarly, cellulosomes derived from other Clostridium 
strains such as C. thermocellum and C. cellulolyticum have been used to design mini-
cellulosomes (Hyeon et al., 2013) (Figures 36 and 37). 
 
Figure 37 - Multi-functional enzyme complex for biomass utilization. The multi-functional enzyme 
complex assembly with a recombinant scaffolding protein and a chimeric dockerin-fused enzyme has 
a high level of hydrolysis activity and can convert the various biomasses to valuable biomaterials 
(Hyeon et al., 2013). 
  
The whole-cell biocatalysts present several advantages including the reduced carbon 
catabolite restriction effect, the smaller sterilization costs and the usage of a single reactor 
because the cells immediately utilize the sugar. Nonetheless, for a viable and cost-effective 
strategy to produce biomaterial using metabolically engineered strains, microorganisms with 
the ability to hydrolyze biomass, including lignocellulosic and marine biomass, are required 
(Hyeon et al., 2013). 
In conclusion, the applicability of a multi-functional protein complex that is suitable 
for expression in various industrial host cell systems has drawn considerable attention as an 
attractive and powerful strategy for achieving viable and cost-effective biomaterial 
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production and whole-cell biocatalysts with various functions (Hyeon et al., 2013; Singh et 
al., 2014). 
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Chapter 2 -  Materials and Methods 
 
2.1 -  General  
 
All materials, both plastics and glass as well as solutions and growth culture 
mediums of regular use in the lab, were sterilized under pressure and temperature by 
autoclave (Amaro 2000; 5510 Model) at 121ºC for 20 minutes with 1 kg/cm2 pressure. For 
the procedures that required centrifugation, Eppendorf 5415E or Eppendorf 5414D 
(Eppendorf™, CITY) microcentrifuges were used for volumes equal or less than 2 mL. For 
volumes higher than 15 mL a Beckman Coulter™ Avanti J-25I centrifuge was used. The 
specific times, temperatures and speeds vary according to the procedure and are listed for 
each method.  
Absorbance readings were taken with a spectrophotometer Ultrospec 3100, 
Amersham Biosciences, CITY.  
A Sartorius Analytic A210P scale was used for weights below 5 g, whereas for 
higher weights the scale used was an Acculab Atilon ATL-623 (Sartorius Group). For 
incubations either a Memmert Modell 500 incubator or a Gallenkamp orbital incubator with 
agitation were used. 
 
2.1.1 - Microbial strains and plasmids 
 
All the microbial strains and plasmids were obtain from different certified suppliers 
according to table 7 and stored at -80ºC. 
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Table 7 – Microbial Strains and Plasmids Characteristics. 
Microbial Strains and 
plasmids 
Genotype Reference 
E.coli 
DH5α 
F- Φ80lacZΔM15 
Δ(lacZYA-argF) U169 
recA1 endA1 hsdR17(rk-, 
mk+) phoA supE44 thi-1 
gyrA96 relA1 λ- 
Novagen® 
BL21 (DE3) 
F- ompT hsdSB (rB
- mB
-) gal 
dcm met (DE3) 
Novagen® 
Tuner™(DE3) 
F- ompT hsdSB (rB
- mB
-) gal 
dcm lacY1 (DE3) 
Novagen® 
Plasmids 
pUC 18 Amp
R lacZ Bla + Gibco BRL 
pET-28a 
KanR lacI f1oir T7 His Tag 
N-terminal 
Novagen® 
 
2.1.2 - Antibiotics 
 
All antibiotics solutions were dissolved in Milli-Q water and prepared and used 
according to the information in Table 8. 
Table 8 - Stock and work antibiotic solutions. 
Antibiotic 
Stock Solutions Working 
Concentration Concentration Storage 
Ampicillin 
(AmpR) 
100-200 mg/mL 
4ºC 
(maximum storage time: 2 weeks) 
100 µg/mL 
Kanamycin 
(KanR) 
50 mg/mL 
4ºC 
(maximum storage time: 2 weeks) 
50 µg/mL 
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2.2 -  Insights into the Cohesin-Dockerin 
Complex of Bacteroides cellulosolvens  
 
2.2.1- Mutants Construction 
 
The recombinant Coh-Doc complexes were coexpressed through an innovative 
strategy (Brás, 2012) already performed in B. cellulosolvens type-I Coh-Doc complexes  
(Cameron, 2014). The recombinant genes were carefully designed, such that both Coh and 
Doc encoding genes were under the control of separate T7 promoters and T7 terminators, 
allowing a restriction driven positioning of either Coh-linked or Doc-linked His6-tag used 
for complex purification. The constructs were cloned into the two positions (NcoI-XhoI or 
NheI-SalI) to generate either the Coh or Doc tagged complexes, as showed in Figure 38 and 
39. A mutation of residues at positions 22 and 22’ on the dockerin (respectively from the first 
and second repeat Doc sequences), as shown in Table 9, was performed to substitute a 
Glycine for an Asparagine. These Doc mutants were then synthesized in vitro (NZYTech 
Ltd, Portugal) and cloned in a pUC18 vector. 
 
Table 9 – Dockerin Amino acid sequences. 
  
  
Dockerin Protein Sequence (N –C) 
BC2Doc-wt 
GDLNGDGVINMADVMILAQSFGKAIGNPGVNEKADLNNDGVINMADAI
ILAQYFGK 
BC2Doc–m1 
GDLNGDGVINMADVMILAQSFNKAIGNPGVNEKADLNNDGVINMADAI
ILAQYFGK 
BC2Doc–m2 
GDLNGDGVINMADVMILAQSFGKAIGNPGVNEKADLNNDGVINMADAI
ILAQYFNK 
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Table 10 - Final Constructs. 
 
DocCohH6 (Coh) 
 
H6DocCoh (Doc) 
Mutant 1 (Mut 1) Coh-mut1 Doc-mut1 
Mutant 2 (Mut 2) Coh-mut2  Doc-mut2 
 
The mutant’s construction strategy consisted of using Doc and Coh recombinant 
vectors and two mutants inserts transformed in specialized E. coli DH5α cells in order to 
extract the DNA to verify its quality and create a secure stock to use in the lab.  The samples 
were digested with NheI and BamHI. The success of the restriction was confirmed by 
Agarose gel Electrophoresis (AE). 
 DNA fragments were isolated from the AE using a commercial kit GelPure 
(Nzytech). The target fragments were reconnected with speedy ligase enzyme in order to 
obtain the results showing on table 10. DH5α cells transformed with these mutants were 
cultured in solid LB medium with kanamycin to confirm the success of the transformation  
To ensure that the mutation was present on the recombinant vectors Doc and Coh, several 
colonies were selected for DNA extraction and sequencing.   
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Figure 38 - BC2-Coh molecular construction strategy. 
 
DocCoh-H6
NcoI + XhoI
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Figure 39 - BC2-Doc molecular construction strategy. 
 
Hys6-DocCoh
NheI + SalI
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Figure 40 - Overall procedure for the Doc-Coh mutant’s construction. 
  
Transformation of the 
Vectors and inserts in 
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•BC2-Coh
•Mut1
•Mut2
DNA Extration 
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inserts
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Purification
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•Mut1
•Mut2
•Control -
•BC2-Coh
•Mut1
•Mut2
•Control -
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(same procedure as 
2.2.1.1) 
•BL21 (for protein 
expression)
•DH5α (For stock)
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DNA Extraction
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2.2.1.2)
Sequence 
Confirmation
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2.2.1.1 - Stock production 
 
In order to have always a fresh batch of transformed recombinant vectors and mutant 
inserts the samples were transformed using thermal shock methodology according to the 
following procedure. 
DH5α competent cells were used for the first step, since these are more suitable for 
DNA extraction compared with BL21 and Tunner cells, which are more used for protein 
expression. 5 µl of DNA sample was added for each recombinant vector and mutant insert 
(Coh, Doc, mut1 and mut2) and to 100 µl of DH5α, previously placed on ice. After a gentle 
mix the cells were incubated for 30 min at room temperature without agitation. In order to 
force the external DNA to enter the competent cells they were placed at 42 ºC for 40 sec and 
rapidly shifted to ice for 2 min. After adding 1000 µL of Soc, which has been pre-heated at 
37 ºC, the cells were incubated during 1 h at 37 ºC with agitation at 200 rpm. In order to 
concentrate the cells and remove the culture medium, the samples were centrifuged 1 min at 
500 rpm and 900 µL of the supernatant was removed. The pellet was then resuspended and 
100 µL were cultivated in solid culture medium. The plates were incubated overnight at 37 
ºC. The standard procedure is outlined in Appendix C. 
 
 
Table 11 - Recombinant vector and mutant insert characteristics 
 Plasmid Medium 
Recombinant Vectors 
Doc 
pET 28 LB+Kanamicyn 
Coh 
Mutant Inserts 
Mut1 pUC 18 
 
LB+Ampicilin 
Mut2 
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2.2.1.2 - Vector and insert DNA extraction 
 
All the DNA extractions were performed with a commercial Miniprep kit from 
NZYTech Ltd, Portugal, according to the following procedure, which is based on three 
essential steps: bacteria lysis by alkaline hydrolysis, the plasmid adsorption to a column 
membrane and a final plasmid DNA wash and elution step.   
The alkaline hydrolysis occurs with the addition of a solution containing NaOH and 
SDS, where the SDS is responsible for the solubilization of the phospholipids present in the 
bacteria cell membrane. The cellular contents is then ressupended by adding Tris-HCl pH 
8.0, EDTA and RNAse to denaturate chromosomal and plasmidic DNA. Through the 
addition of acetate and other caotropic salts, the lysis leads to the precipitation of 
chromosomal DNA, proteins and bacterial components. While the plasmid stays in solution, 
the other components precipitate by a centrifuging step. 
Plasmid DNA dehydration, caused by the caotropic salts, determines an interaction 
with the column matrix through the phosphate residues. This matrix is composed of silica or 
fiber glass resin and successive washes with Tris-EDTA and ethanol with different 
percentages removes salts and eventual contaminant residues. 
The plasmidic DNA is then recovered through its rehydration with 30 µl of elution 
buffer and after centrifuging for 1 minute at 11.000× g. 
 After DNA extraction an AE run was performed to confirm the successful cloning 
results. For these experiments a 1 % (w/v) agarose gel was used. The agarose was dissolved 
in Tris-borate-EDTA buffer (TBE), and heated near ebullition. After cooling, the staining 
agent Green Safe Premium was added. The agarose solution was poured on an 
electrophoresis apparatus. After gel solidification 5 µl of the DNA plus 2 µl of xylanocyanol 
were added to the gel lanes. The gel was submersed in TBE buffer. 
The run was performed at 60 V, 300 Amp during 40 min. HyperLadder III (Bioline) 
was used as a molecular weight marker. 
The AE is based on the principle that the migration speed of DNA molecules varies 
according to its size, which by comparing to a commercial molecular weight marker enables 
the evaluation of the sample’s molecular weight. This gel consists of a complex net where 
the DNA migrates from the negative pole to the positive by the action of electrical current. 
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Under a constant current the smallest molecules migrate more rapidly, whereas the largest 
move slowly and stay closer to the well.  
 
2.2.1.3 - Vectors Restriction  maps 
 
After confirming in the AE that the cloning was successful, both recombinant Doc 
and Coh vectors and the mutated inserts were subjected to endonuclease digestion 
according to Figure 41 below.  
 
Figure 41 - DNA Restriction Procedure 
 
2.2.1.4 - DNA Purification by AE Gel 
 
AE purification to isolate DNA fragments was performed with the GelPure Kit from 
NZYtech. This procedure consists in excising the desired band from the AE. The eppendorf 
microtube is weighted with and without the band in order to calculate the band weight. 300µL 
of Binding Buffer was added for each 100 mg of AE band and incubated at 60 ºC for 10 min. 
Since the gel matrix is dissolved through heat, it’s possible to separate the different 
components in the mix. Isopropanol was then added with the same volume as the band weight 
and placed into the column. After centrifuging for 1 min at 1300 rpm, the liquid was 
discarded. 500 µL of wash buffer was added and the centrifuging was repeated. To complete 
the washing stage, an additional 600 µL of wash buffer was added followed by two 
centrifugations. To finish the overall extraction, the column is placed on a new tube and 30 
µL of elution buffer is added. After waiting 1 min at room temperature the sample is 
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centrifuged for 1 min at 1300 rpm in order to release the DNA from the column. The standard 
procedure is outlined in Appendix C. 
 
2.2.1.5 - Vector-Insert  
 
Each vector was linked with each insert with speedy ligase from NZYtech according 
to the proportions presented in the Table below.  
 
Figure 42 - Vector-Insert assembly procedure 
 
 
The amount of DNA used was determined according to the equation below 
 
Equation 1 – Vector Insert Proportion for Speedy Ligase reaction 
 𝑉𝑒𝑐𝑡𝑜𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑛𝑔) × 𝐼𝑛𝑠𝑒𝑟𝑡 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ (𝑘𝑏)
𝑉𝑒𝑐𝑡𝑜𝑟𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ (𝑘𝑏)
×
𝐼𝑛𝑠𝑒𝑟𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
 𝑉𝑒𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 
= 𝐼𝑛𝑠𝑒𝑟𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑛𝑔) 
 
 
A negative control was also performed following the previous description but 
without DNA that was replaced by an equal volume of water. The negative control should 
display much less colonies than the reaction (Mutated Clones). The DNA from the mutant 
clones was sent for Sanger sequencing (LIGHTrun™ from GATC Biotech, Germany).  
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2.2.2 - Protein Expression Optimization 
 
The resulting positive clones were transformed into different E. coli strains, BL21 
and Tunner, both specialized in high expression for recombinant proteins (Transformation 
Procedure 2.2.1.1). Two culture mediums (Luria Bertani-LB and LBE) in different 
conditions were tested according to Table 12. 
The vectors containing the recombinant proteins grew in LB medium with 
kanamycin at 37 ºC till an OD between 0.4 and 0.6. Then the cell culture flasks were placed 
on ice for 30 min. To induce protein expression, isopropyl β-D-thiogalactopyranoside (IPTG, 
1 mM final concentration) was added and this mimics the allolactose, a lactose metabolite 
that induces transcription by activating the pBAD promoter of the T7 RNA polymerase. This 
mechanism is based in the Lac operon that is responsible for the lactose digestion in E. coli. 
Originally the Lac operon acts as switch to the production of β-galactosidase and if there is 
no lactose in the medium, there is no need to produce this enzyme therefore the gene is 
repressed. In this example lacY mutant hosts are used and that induction is performed with 
the non-hydrolysable lactose analog isopropyl-β-D-1- thiogalactopyranoside (IPTG) 
(Baneyx, 1999). The erlenmeyer flasks were then incubated for 16 hours at different 
temperatures (25 ºC, 19 ºC and 16 ºC) at 150 rpm. The same conditions, with minor changes, 
were applied for growth in LBE. For growth control the absorbance was evaluated with a 
1/10 v/v dilute culture medium sample, until an OD of 1 was reached. Since this is an 
autoinduction medium there is no need to pause the growth on ice and to add IPTG because 
the medium itself already contains lactose.  
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Table 12 - Protein Expression Conditions 
                Cells 
 
Growth Medium 
BL21 Tunner Temperature 
LB 
LB BL21 25 LB Tunner 25 25 ºC 
LB BL21 19 LB Tunner 19 19 ºC 
LB BL21 16 LB Tunner 16 16 ºC 
LBE 
LBE BL21 25 LBE Tunner 25 25 ºC 
LBE BL21 19 LBE Tunner 19 19 ºC 
LBE BL21 16 LBE Tunner 16 16 ºC 
 
 
In order to evaluate the expression level of the recombinant proteins in different 
conditions, a sample of the recombinant protein cells was taken immediately before adding 
IPTG and after 16 hours of protein expression. 
 
2.2.2.1-Protein extraction  
 
In order to isolate the recombinant protein from the cells and separate them from the 
culture medium, the samples were centrifuged for 15 min at 5000 rpm. The supernatant was 
discard and the pellets were frozen to help the resuspension with 10 ml of 10 M imidazol. To 
disintegrate the cells and extract the protein, the samples were ultra-sonicated (Bandelin 
Sonopuls HD 2070) for 10 min at 70 % . Then to separate the soluble proteins, the samples 
were centrifuged for 30 min at 13.000 rpm. Both phases were stored for  SDS PAGE and 
Native Gels analyzes. 
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2.2.2.1 -  Protein Purification 
 
The protein extract was then filtered with a 0.45 µm membrane (Life Sciences, city) 
coupled to a 10 cm3 syringe. To continue the process, the filtered extract was purified by 
immobilized metal ion affinity chromatography (IMAC) using Sepharose columns charged 
with nickel (HisTrap™, GE Healthcare, Sweden) following conventional protocols (Venditto 
et al., 2015). This protein purification method consists in running the protein extract through 
a nickel containing column, since the recombinant protein has a His-tag that binds it to the 
nickel present in the column, thus retaining it. Through several washes with increased 
concentrations of imidazole, which competes with the nickel for the histidines in the resin, 
almost all of the impurities present on the extract are removed. The final washing buffer has 
a higher concentration of imidazole (300 mM) promoting the target protein elution in aliquots 
of 1 mL.  
 
The collected samples were evaluated for the presence of protein through a quick 
qualitative Bradford test. The purity and expression were evaluated by polyacrylamide gel 
electrophoresis (PAGE). This procedure sorts the protein by passing it through a 
polyacrylamide matrix. The proteins (14 µl) were denatured by adding 6 µl SDS (Sodium 
Dodecilsufate) that promotes leveling of all the electrical charges, and by boiling the protein 
samples. Therefore the proteins were able to migrate through a constant electric field 
according only to their molecular weight (MW). 
For this procedure a 14% SDS PAGE (Appendix B) with Low Molecular Weight 
(LMW) Protein Marker (#MB0820, NZYTech, Portugal) as a molecular weight marker, were 
used. Some samples were also tested through 10% Native PAGE that uses the same principles 
as an SDS PAGE but without reducing and denaturing the samples, thus maintaining the 
protein’s secondary structure and native charge density. For these gels Bovine Serum 
Albumin (BSA) was used as a marker. 
After each run the gels were stained for 15 min with Coomassie Blue Staining 
Solution (Sigma) and then revealed with a bleaching solution containing methanol and acetic 
acid (Appendix B). The gel pictures were acquired with an Image Master VDS (Pharmacia-
Biotech). 
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2.2.2.2 - Optimal growth conditions 
selection 
 
All SDS PAGE were analyzed to verify the appropriate growth conditions, host 
cells, culture medium and temperature, in order to proceed to a larger scale production. 
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2.3 -  Biochemical Characterization of 
Ruminococcus flavefaciens putative CBMs 
Rf2 and Rf4 
 
Previous work regarding the Ruminococcus flavefaciens genome, allowed to scan and 
identify CBM sequences. These CBMs were cloned and expressed by high throughput 
methodologies (Venditto, Centeno, Ferreira, Fontes, & Najmudin, 2014). Two CBMs were 
chosen for detailed work; Rf2 and Rf4 as described in 2.3.1. These CBMs were then 
expressed and purified in order to evaluate the affinity of these proteins. The different 
substrates (Table 12) were dissolved in water to a final concentration of 0.3% (w/v) and 
incorporated in 10 % native gels. The affinity was qualitatively measured as “no affinity, - ” 
and affinity, (+)” 
Table 13 – Substrates tested for the initial essay 
Substrates 
Celluloses 
 
HEC 
Lichenan 
Curdlan 
Xylans 
 
Xylan 
Wheat Arabinoxylan 
Glucurono Xylan 
Birchwood Xylan 
Hemicelluloses 
 
Xyloglucan 
Mannan 
Galactomannan (Megazyme) 
Arabinogalactan 
Galactan Lupin 
Arabinan 
Glucomannan 
Pectins 
 
Pectic Galactan 
Polygalacturonic Acid 
Potato Rhamnogalacturonan 
Others Pectin from Apples 
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Figure 43 - Overall procedure for the biochemical characterization of Rf2 and Rf4. 
 
2.3.1 - Macromolecule production 
 
The gene encoding the putative CBM-Rf2 (residues 495–621 of RfCel5) and CBM-
Rf4 were synthesized (NZYTech Ltd, Portugal) with codon usage optimized for expression 
in Ecoli. The synthesized gene, containing engineered NcoI and XhoI restriction sites at the 
5’ and 3’ ends, respectively, was subsequently subcloned into the pET-28a expression vector, 
generating the pRf2 and pRf4 constructs. Recombinant CBM-Rf2 and CBM-Rf4 contained a 
C-terminal His6-tag (HHHHHH) (Table 13). 
 
.  
Transformation (same 
procedure as 2.2.1.1) 
•DH5α for Stock
DNA Extration (same 
procedure as 2.2.1.2)
•Rf2
•Rf4
Sequence Confirmation
Transformation (same 
procedure as 2.2.1.1) 
•BL21
Protein Expression (same 
procedure as 2.2.2)
•Growth conditions
•LB 19ºC
Substrate affinity Gels
•HEC
•β-Glucan
•Galactmanan
•Xyloglucan
Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome. 
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures. 
 
89 
 Universidade Lusófona de Humanidades e Tecnologias – Faculdade de Engenharia 
Table 14 – Rf2 and Rf4 macromolecule production information.  
Source 
organism: 
Ruminococcus flavefaciens FD-1 
Forward primer: 
CACACACCATGGGAGACGGTTACACAATCAAG 
Reverse primer: CACACACTCGAGCTTGAGAACTACAGAGTC 
Cloning vector: pET28a 
Expression vector: pET28a 
Expression host: E.coli BL21 
Complete amino 
acid sequence of 
the construct 
produced CBM-
RF2 
 
ECHGYLNRSNLTWYTESEPVVNKMMEVLGVSSSNPPTTTASTPSGN
DTTTTTAEEEDTAILYPFTISGNDRNGNFTINFKGTPNSTNNGCIGYS
YNGDWEKIEWEGSCDGNGNLVVEVPMSKIPAGVTSGEIQIWWHSG
DLKMTDYKAGSGSSQTNTTPQQTTNNNNTTVTTAKNDOQPQHHHH
HH 
 
Complete amino 
acid sequence of 
the construct 
produced CBM-
RF4 
 
FLEGPYELDASKEKTYQNTTPGGDGEVEWSQLEGKEVAIKFTGSTPV
LCFSDASYGGWTEMKPYDIDKENGIAYYNMAKVPDLWGDDPTTIA
HMQAKTPKLTTVESVNILAAPEGEIKEPEATSKIKKINLKDAKNEDTL
YVNLEGAPSTKTNGALGFMKGDEWTQIEWSGSTDADGKLTVEIPLA
DAVVGGTVEFQIWAGFKDLDVKDYSIVHHHHHH 
 
The cloning artefacts are underlined. 
 
2.3.2 - Substrate Affinity Gels 
 
The first application of affinity gel electrophoresis (AGE) on CBMs was in 2000 
(Tomme et al., 2000). Nowadays this technique is widely used to study CBM interactions 
with a variety of polysaccharides such as α-glucan, β-glucan, mannan, xylan, and various 
pectins. This method is based on the embedding of soluble polysaccharides into a 
polyacrylamide matrix, were the electrophoretic mobility of a CBM in the polysaccharide-
infused gel is compared with its mobility in a native polyacrylamide gel. The interaction of 
the CBM with the polysaccharide results in a complex of larger size and thus reduced 
mobility in the polysaccharide containing gel, providing a rapid and convenient readout for 
binding (Figure. 49). Bovine serum albumin is often used as a negative control due to its lack 
of affinity for carbohydrates (Abbott & Boraston, 2012). 
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Figure 44 – Typical AGE. The polyacrylamide matrix gel is embedded with soluble polysaccharides, 
and the electrophoretic mobility of a CBM in the polysaccharide-infused gel is compared with its 
mobility in a native polyacrylamide gel. The closer the sample is to the well, the higher the affinity 
to the substrate is. Lane 1 – BSA as marker, Lane 2 – Substrate sample (Abbott & Boraston, 2012). 
 
Since these CBMs had affinity mainly for cellulose hydroxyethyl (HEC) and 
xyloglucan substrates, an intense study for these substrates was performed in order to 
quantify the binding affinity. 
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Table 15 - Substrates concentrations. 
Substrates 
HEC (%) B-Glucan (%) 
Galactomannan 
(%) 
Xyloglucan (%) 
Concentrations 
0.300 0.300 0.300 0.300 
0.200 0.200 0.200 0.200 
0.150 0.150 0.100 0.100 
0.100 0.100 0.075 0.050 
0.075 0.075 0.050 0.030 
0.050 0.050 0.040 0.025 
0.030 0.030 0.030 0.010 
0.025 0.025 0.025 0.005 
0.020 0.020 
0.010 
0.003 
0.010 0.010 
0.001 
0.005 0.005 
 
In order to test all substrates concentrations, a stock solution of 1% (w/v) for each 
polysaccharide was used. The necessary substrate volume to achieve the target concentration 
(Table 14) was replaced in the amount of water available in the native gel recipe (Appendix 
B). The Native Protein Gels were then stained with Coomassie blue for band detection. 
 
  
Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome. 
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures. 
 
92 
 Universidade Lusófona de Humanidades e Tecnologias – Faculdade de Engenharia 
2.4 -  Insights into the Rf2 CBM 
structure of Ruminococcus flavefaciens 
 
2.4.1 - Overall procedure 
  
In order to determine the structure of a protein it’s necessary to promote its 
crystallization, which requires the exposure of the target protein to multiple suitable 
crystallization conditions. To reach that stage it is necessary to produce large quantities of 
good quality and highly pure proteins. The overall procedure is schematized in Figure 45.  
 
 
Figure 45 - Schematic representation of the overall Rf2 crystallization procedure. 
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2.4.1.1 - Protein production   
 
For the crystallization studies, the recombinant CBM-Rf2 was cultured in Luria–
Bertani broth (12 flasks of 400 mL of LB) at 37 ºC to mid-exponential phase (OD600 nm=0.6) 
and recombinant protein overproduction was induced by adding IPTG (1 mM final 
concentration) with incubation for a further 16 h at 19 ºC. The His6-tagged recombinant 
protein was purified from cell-free extracts by immobilized metal-ion affinity 
chromatography as described previously (Najmudin et al., 2010). Purified CBM-Rf2 was 
buffer-exchanged into 50 mM Na-HEPES buffer, pH 7.5, containing 200 mM NaCl and 5 
mM CaCl2, and subjected to gel filtration using a Hi-Load 16/60 Superdex 75 column (GE 
Healthcare) at a flow rate of 1 ml/min. Purified CBM-Rf2 was concentrated using an Amicon 
10 kDa molecular-mass centrifugal concentrator and washed with a 0.5 mM CaCl2 solution. 
Recombinant CBM-Rf2, including the C-terminal His6-tag (LEHHHHHH), has an 
approximate molecular mass of 15 kDa. The protein concentration was estimated using molar 
extinction coefficient (ε) 30.940 M-1cm-1 at 280 nm with a Thermo Scientific NanoDrop 
2000c and verified by SDS-PAGE (Appendix B). 
 
2.4.1.2 - Crystallization  
 
Crystallization conditions were screened by the sitting-drop vapor-phase-diffusion 
method using the commercial kits Crystal Screen, Crystal Screen 2, PEG/Ion and PEG/Ion 
2, and JCSG screen from Hampton Research (California, USA) and an in-house 80 factorial 
screen using the Oryx8 robotic nanodrop dispensing system (Douglas Instruments) (Table 
16). Two drops per well containing 50 μL of reservoir solution were prepared: one consisting 
of 0.7 μL 20 mg ml-1 of CBM-Rf2 and 0.7 μL of reservoir solution, and one consisting of 1 
μL 20 mg mL-1 and 1 μL of reservoir solution. All crystals grew to maximum size within a 
week. The crystals were cryo-cooled in liquid nitrogen after soaking in cryo-protectant (30% 
(v/v) glycerol added to the crystallization buffer or just Paratone-N) for a few seconds. 
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Table 16 - Crystallization procedure. 
  
CBM-Rf2 
Method: 
Sitting-drop vapour-diffusion  
Plate type: MRC 96-well 2-drop sitting drop crystallization plate 
(Molecular Dimensions, UK) 
Temperature: 19ºC 
Protein concentration: 20 mg ml-1 
Buffer composition of protein 
solution: 
Deionized water (Sigma), 0.5 mM CaCl2 
Volume and ratio of drop: 0.7 μL of protein and 0.7 μL reservoir solution.   
Volume of reservoir: 50 μL of reservoir 
 
Since it was impossible to crystallize the above construct, after checking the initial 
results, the sequence was cleaned and part of it was removed, as showed in the following 
table 16. The rationale for the optimization of this sequence took into account that several 
threonines in a row are characteristic of linkers, therefore the actual gene of the Rf2 should 
have started with the indicated alanine. This second construct was called Rf2-mut. 
 
Table 17 - Rf2 protein sequences. The sequences highlighted were removed in order to improve the 
crystal production and the added His tags are underlined. 
R
f2
 w
t ECHGYLNRSNLTWYTESEPVVNKMMEVLGVSSSNPPTTTASTPSGNDTTTTTA
EEEDTAILYPFTISGNDRNGNFTINFKGTPNSTNNGCIGYSYNGDWEKIEWEGSC
DGNGNLVVEVPMSKIPAGVTSGEIQIWWHSGDLKMTDYKAGSGSSQTNTTPQ
QTTNNNNTTVTTAKNDOQPQLEHHHHHH 
R
f2
 m
u
t MGAEEEDTAILYPFTISGNDRNGNFTINFKGTPNSTNNGCIGYSYNGDWEKIEW
EGSCDGNGNLVVEVPMSKIPAGVTSGEIQIWWHSGDLKMTDYKALEHHHHHH 
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2.4.1.3 - Data collection and processing  
 
X-ray diffraction data from suitable protein crystals was collected on beamline 
PROXIMA-1 at SOLEIL, Orsay, France, with the CBM-Rf2 crystals cooled to -173.15 ºC 
using a Cryostream (Oxford Cryosystems) and a PILATUS 6M detector (Dectris). Precisely 
180° of data were collected with a ∆φ of 0.1° and an exposure of 0.1 sec and a further 360° 
using an inverse beam strategy (two equivalent complete interleaved data collections starting 
at phi = 0 degrees and phi = 180 degrees) at the As-peak edge (at an energy of 11.875 keV, 
f’ = -8.08 and f” = 8.03) for a single-wavelength anomalous diffraction experiment for the 
first crystal (x6) as described previously (Venditto et al., 2015). In addition, 100° of a second 
higher resolution dataset (to 1.02 Å) was collected for crystal x5. All data sets were processed 
using XDS (Kabsch, 2010) via the command line interface xdsme 
(https://code.google.com/p/xdsme/) and AIMLESS (Evans, 2006) from the CCP4 suite 
(Collaborative Computational Project, Number 4, 1994 (Winn et al., 2011). Data collection 
statistics (as reported by AIMLESS) are given in Table 18. All the diffracting CBM-Rf2 
crystals belong to the orthorhombic space group, with a single molecule in the asymmetric 
unit, a solvent content of ~34 % and a Matthews coefficient of ~1.85 Å3 Da-1 (Matthews, 
1968). 
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Table 18 - Data collection and processing. Values for the outer shell are given in parentheses. 
 
Dataset As-edge (x6) High Res (x5) 
Beamline PROXIMA-1, SOLEIL  PROXIMA-1, SOLEIL  
Space Group P 212121 P 212121 
Wavelength (Å) 1.04408  0.82656 
Unit-cell parameters  
a, b, c (Å)  43.39, 45.21, 49.56 43.27, 45.02, 49.45 
Resolution limits (Å) 33.40 – 1.29 (1.31 – 1.29) 45.02 – 1.08 (1.10 – 1.08) 
No. of observations 88114 (3486) 
 
270624 (12738) 
 
No. of unique observations 25060 (1178) 
 
42191 (2063) 
 
Multiplicity 3.5 (3.0) 6.4 (6.2) 
Completeness (%) 99.7 (97.3) 100 (100) 
<I/σ(I)> 16.1 (6.5) 12.2 (1.3) 
CC1/2† 0.993 (0.969) 0.999 (0.759) 
R
merge
 ‡ 0.053 (0.123) 0.062 (0.9122 
R
p.i.m.
 § 0.032 (0.083) 0.027 (0.396) 
 
# Matthews coefficient (Matthews, 1968).  
† CC1/2 = the correlation between intensities from random half‐dataset (Diederichs & Karplus, 2013) 
‡ Rmerge = Σhkl Σi |Ii(hkl) - <I(hkl)>|/ Σhkl Σi Ii(hkl), where Ii(hkl) is the ith intensity measurement of 
reflection hkl, including symmetry-related reflections and <I(hkl)> is its average.  
§ Rp.i.m. = Σhkl {1/[N(hkl) – 1]}
1/2 Σi |Ii(hkl) - <I(hkl)>|/ Σhkl Σi Ii(hkl), where <I(hkl)> is the average of 
symmetry-related observations of a unique reflection. 
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Chapter 3 -   Results and Discussion 
 
 
3.1 -  Insights into the Cohesin-Dockerin 
Complex of Bacteroides cellulosolvens 
 
3.1.1 - Mutants Construction 
 
  
Figure 46 – 1% AE of samples (lane 1 - marker, HyperLadder III; lane 2 - mut1; lane 3 - mut2; lane 
4 - DocCohH6 (Coh); lane 5 - H6DocCoh (Doc)). The bands marked in brown represent the mutated 
dockerin and the bands marked in green the cohesins. 
 
Upon AE separation, mutants purification was performed by excision of the lower 
molecular weight bands for the mutated doc and the high molecular weight bands for the 
wildtype Doc-Coh complex, marked in brown and green, respectively, on figure 46. To 
simplify when referring to the Doc-Coh complex with the histidine tag on the cohesin we 
will say Coh and when the histidine tag is on the Dockerin we will use Doc. For the 
purification protocol the bands were cut and weighted, resulting on the following values: 
Mut1-155 mg, Mut2-153 mg, Coh-80 mg and Doc-124 mg. 
After purification, the samples were evaluated and quantified by spectrophotometry 
using NanoDropTM in order to determine its concentration and evaluate its purity. As shown 
in Table 19 
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Table 19 – Concentration and purity evaluation. 
 
Mut1 Mut2 Coh Doc 
[DNA]ng/ml 11.9 12.8 23.2 40.5 
260/280 2.07 1.99 1.89 1.90 
 
Regarding its purity, the samples were within the normal ranges and despite the 
lower DNA concentration, sequence analysis confirmed the successful construction of all 
four mutants.  
 
3.1.2 - Protein Expression  
 
After analyzing all conditions through AE and taking into account the difficulties in 
expressing the dockerin mutants it was concluded that for the mutants with the His-tag in the 
cohesin there weren’t significant changes in the protein expression according to cells, 
temperature or growth medium. 
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Figure 47 – Growth Condition at 16ºC- Coomassie Brilliant Blue-stained 14% SDS–PAGE gel and 
10%Native gel for evaluation of protein expression.  Lane 1- molecular-mass markers, Lane 2- 
Soluble Protein; Lane 3- Insoluble Protein; Lane 4- Soluble Extract; Lane 5-Wash 1; Lane 6- Wash 
2; Lane 7 and 8- Fractions 2 and 4. 
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Figure 48 - Growth Condition at 19ºC- Coomassie Brilliant Blue-stained 14 % SDS–PAGE gel and 
10 % native gel for evaluation of protein expression. Lane 1- molecular mass marker, Lane 2 - Soluble 
Protein; Lane 3 - Insoluble Protein; Lane 4 - Soluble Extract; Lane 5 - Wash 1; Lane 6 - Wash 2, Lane 
7 and 8 - Fractions 2 and 4. 
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Figure 49 - Growth condition at 25ºC- Coomassie Brilliant Blue-stained 14 % SDS–PAGE gel and 10 % native 
gel for evaluation of protein expression. Lane 1- molecular mass marker, Lane 2 - Soluble Protein; Lane 3 - 
Insoluble Protein; Lane 4 - Soluble Extract; Lane 5 - Wash 1; Lane 6 - Wash 2, Lane 7 and 8 - Fractions 2 and 
4. 
 
Unfortunately the dockerin was only expressed in one LB condition with induction 
at 25ºC with BL21, and slightly on LBE 19º C with Tunner as showed in Figures 48 and 49 
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SDS Gel Native GEL 
     1       2      3       4        5      6     7        8      9        1      2     3      4     5      6    7      8      9 
 
 
 
Figure 50 – A Coomassie Brilliant Blue-stained 14 % SDS-PAGE gel and 10 % native gel for evaluation of 
protein expression. Lane 1 - Soluble Protein; Lane 2 - Insoluble Protein; Lane 3 - Soluble Extract; Lane 4 - 
Wash 1; Lane 5 - Wash 2; Lane 6 - molecular-mass markers (NZYTech Ltd, Portugal) – SDS and BSA – Native 
; Lane 7 - Fraction 2; Lane 8 - Fraction 4; Lane 9 - Fraction 6. 
 
It is well known that independent dockerin expression per se is quite problematic as 
this protein is highly unstable in such conditions. As such, in vitro formation of the Coh-Doc 
pair allows the production and purification of the complex, thus stabilizing the Doc module. 
The dual binding mode capability of type-II Cohesin-Dockerin also causes its instability, 
hindering the necessary crystallization step and the pursuit of more information about these 
proteins function and structure.  
A future line of work to continue this project aiming protein crystallization would 
thus entail growing our protein samples in LBE 19ºC or LB 25 ºC with BL21 which gave the 
best results for both Doc and Coh. We could also try growing them at 37 ºC which is a 
normally good growth condition. 
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3.2 -  Biochemical Characterization of 
Ruminococcus flavefaciens putative CBMs 
Rf2 and Rf4 
 
3.2.1 - Substrate affinity Gels 
 
Previous work regarding the whole Ruminococcus flavefaciens genome, allowed 
scanning and identifying all the CBM sequences. These CBMs were cloned and expressed 
by high throughput methods (Venditto et al., 2014). These clones were then tested for general 
substrate affinity and table 20 has the summary results. 
According to these results the Rf2 and Rf4 were chosen for further work due to their 
range of substrate affinity. By analyzing these partial results we can affirm that both Rf2 and 
Rf4 have affinity for cellulose and hemicellulose. Results showed affinity to HEC, lichenan 
xyloglucan, glucomannan and galactomannan, this last one only for Rf2. In order to 
determine the extent of this affinity we selected those substrates, replacing the lichenan with 
β-glucan due to the difficulty to dissolve the former substrate and not testing the 
glucomannans at all. 
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Table 20 - Substrate Affinity for several CBMs. All subtrates were concentrated at 0,3 % w/v in native 
gels of 10 %. The affinity was qualitatively measured as “no affinity(- )” and affinity ( +)”. For those 
where this distinction was not so obvious ± is used. 
Substrates 
Rf2 
(P2) 
Rf4 
(P4) 
Rf6  
(P6) 
Rf10 
(P10) 
Rf13 
(P12) 
Rf18 
(P16) 
Rf19 
(P17) 
C
el
lu
lo
se
s 
 
HEC + + + + - - - 
Lichenan + + + - - - - 
Curdlan - - - - - - - 
X
y
la
n
s 
 
Xylan - - ± ± ± - - 
Wheat Atabinoxylan - - - - - - - 
Glucurono Xylan - - - - - - - 
Birchwood Xylan - - - - + - - 
H
em
ic
el
lu
lo
se
s 
 
Xyloglucan + + + - - + + 
Mannan - - - - - - - 
Galactomannan 
megazyme 
+ - - - - - - 
Arabinogalactan - - - - - - - 
Galactan Lupin - - - - - - - 
Arabinan - - - - - - - 
Glucomannan ? + + + ± + + 
P
ec
ti
n
s 
 
Pectic Galactan - - - - - - - 
Polygalacturonic Acid - - - - - - - 
Rhamnogalacturonan 
Potato 
- - - - - - - 
O
th
er
s 
Pectin from Apples - - - - - - - 
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Figure 51-AGE for RF2. First band in each gel corresponds to BSA, used as control and the second 
band corresponds to Rf2. 
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Figure 52 - AGE for Rf4. First band in each gel corresponds to BSA, used as control and the second 
band corresponds to Rf4. 
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Just by analyzing the AGE we already observe some significant differences between 
the different substrates for these CBMs. 
For Rf2 it is clear that all substrates start to show some affinity around 0.05 % (w/v) 
however for xyloglucan and galactomannan that affinity is evident already at 0.005 % (w/v) 
and 0.01 % (w/v) respectively. Based on these results, we would conclude that substrate 
affinity from highest to lowest would be xyloglucan, galactomannan, HEC and β-glucan. 
For Rf4 the results are not as similar between each other as for Rf2. Rf4 almost 
doesn’t have any affinity to galactomannan and HEC binding is only evident at 0.2 % (w/v). 
Xyloglucan shows better results with the affinity showing from 0.05 % (w/v). However β-
glucan results surpass the Rf4 affinity to any substrate, starting to show evidence of affinity 
at 0.02 %(w/v). 
Nevertheless, in order to quantify the affinity to the substrate, the 1/R method was 
used, where R correspond to the normalized distance between the band migration of the 
sample compared to the control, where there is no substrate added to the gel. The dissociation 
constant (Kd) is the substrate percentage (w/v) to which the 1/R is zero, therefore the affinity 
constant can be obtained by the inverse of Kd. In Appendix D there are detailed tables from 
which we obtained the following graphs. 
 
  
Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome. 
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures. 
 
108 
 Universidade Lusófona de Humanidades e Tecnologias – Faculdade de Engenharia 
 
Figure 53 – Rf2 Substrate Affinity analysis. From these results we observe that Rf2 displays very low 
affinity levels with better results for galactomanan and xyloglucan. 
Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome. 
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures. 
 
109 
 Universidade Lusófona de Humanidades e Tecnologias – Faculdade de Engenharia 
 
Figure 54 - Rf4 substrate affinity analysis. From these results we observe that Rf4 presented very 
low affinity levels with significantly higher results for xyloglucan. 
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Figure 55 - Rf2 and Rf4 substrate affinity comparison. From these results we observe that Rf4 presented very low affinity levels with significantly 
higher results for xyloglucan, whereas Rf2 shows a low affinity for HEC and a higher affinity for galactomannan. 
Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome. 
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures. 
 
111 
 Universidade Lusófona de Humanidades e Tecnologias – Faculdade de Engenharia 
By analyzing both CBM results we have very similar affinities in the lower ranges 
for HEC and β-glucan for both Rf2 and Rf4. However for the remaining substrates we have 
clearly two distinct affinity results, whereas Rf2 shows a low affinity for HEC and a higher 
affinity for galactomannan, Rf4 presents a really low, almost null, affinity for galactomannan. 
Xyloglucan has the second best affinity for Rf2 and displays an extremely high affinity for 
Rf4. 
From this we can determine that Rf2 presents higher affinities for galactomannan 
and xyloglucan ranging from 56 % to 49 % (w/v)-1, respectively, and Rf4 only has affinity 
for xyloglucan with a significant Ka of 296 % (w/v)
-1. 
Comparing the preliminary results we had from AGE and the actual quantification, 
we can conclude that there are no significant differences between both methods. However it 
is important to refer that without the calculus for the affinity value we would wrongly 
attribute the highest affinity of Rf2 to xyloglucan instead of galactomannan and we would 
never expect such a significant affinity for xyloglucan from Rf4. 
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3.3 -  Insights into the Rf2 CBM 
structure of Ruminococcus flavefaciens 
 
3.3.1 - Sequence Analysis 
 
 
Figure 56 – Rf2 sequence organization. 
 
By analyzing this sequence, and since tandem threonine repeats are characteristic of 
linkers, therefore the construct should be corrected and the Rf2 gene should start with the 
alanine residue following the Thr repeat (Figure 56). 
 
Figure 57 – Linker sequence analysis. From a Blast analysis of these linker sequences, previously 
considered as part of the Rf2 sequence we obtained a conserved domain characteristic of metal 
binding proteins which may explain the difficulties associated with the crystallization process while 
using the original published Rf2 sequence. 
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With the correct amino acid sequence, a comparison with other known proteins 
could provide clues to predict its putative function and classification. 
 
Table 21 – NCBI Blast for Rf2mut (Altschul et al., 1997). 
Description 
Max 
score 
Total 
score 
Query 
cover 
E value Identity Accession 
GenBank 
Ruminococcus 
flavefaciens 17 
Endoglucanase A 85.1 85.1 74% 2.00E-16 44% CAB0588
1.1 
Ruminococcus 
flavefaciens 
Endoglucanase 85.1 85.1 64% 2.00E-16 51% WP_0285
14028.1 
Endoglucanase 76.6 76.6 60% 2.00E-13 51% WP_0248
61360.1 
Endoglucanase 76.3 76.3 67% 3.00E-13 43% WP_0285
17111.1 
Endoglucanase 75.5 75.5 74% 4.00E-13 37% WP_0372
99526.1 
Endoglucanase 
Family Protein 
65.1 65.1 82% 1.00E-09 34% WP_0099
86298.1 
Endoglucanase A 58.5 58.5 78% 2.00E-07 29% WP_0285
19772.1 
Glycoside 
Hydrolase 
57.8 57.8 50% 4.00E-07 39% WP_0248
61738.1 
Glycoside 
Hydrolase 
54.7 54.7 50% 4.00E-06 36% WP_0373
01064.1 
Glycoside 
Hydrolase 
53.5 53.5 50% 9.00E-06 38% WP_0285
16165.1 
Glycoside 
Hydrolase 
53.1 53.1 51% 1.00E-05 37% WP_0285
17065.1 
Glycoside 
Hydrolase 
48.1 48.1 32% 5.00E-04 44% WP_0285
20794.1 
Glycoside 
Hydrolase 
47.0 47.0 48% 0.001 36% WP_0315
59475.1 
 
According to this Blast analysis (Altschul et al., 1990) Rf2mut shares an amino acid 
sequence identity of more than 25% with at least 15 other proteins like endoglucanases and 
glycoside hydrolases. However the highest score shows more similarities with endoglucanase 
A from R. flavefaciens 17. 
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3.3.2 - Crystallization  
 
Cristal Screen B11 20x Cristal Screen F12 20x  Cristal Screen G9 20x 
Cristal Screen H7 20x 80! A3 40x  80! A6 10x  
80! A3 20x  80! G9 40x  80! H6 40x 
      Figure 58 – Rf2 crystals and respective conditions. 
 
From all crystals obtained (Figure 58), we selected four crystals in total, two from 
Crystal Screen B11 (0.2 M magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5 
and 30 % (v/v) Polyethylene glycol 400) and another two from 80! A6 (0.2 M MgCl2, 0.1 M 
Act 4.5 and 30 % PEG 4K). The crystals were cryo-cooled in liquid nitrogen after soaking in 
cryoprotectant 30 % (v/v) glycerol added to the crystallization buffer. 
Data were collected on beamline PROXIMA-1 at SOLEIL, Orsay, France, with the 
CBM-Rf2 crystals (Figure 2, Table 2) cooled to 100 K using a Cryostream (Oxford 
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Cryosystems) using a PILATUS 6M detector (Dectris). Diffraction experimental results, 
however showed that the 4 samples were salt. 
 
Figure 59 – Rf2 mut crystals and respective conditions. 
 
Using the corrected Rf2 sequence, numerous hits were obtained as shown in Figure 
59. 12 crystals were then selected and cryo-cooled in liquid nitrogen after soaking in 
cryoprotectant [30% (v/v) glycerol added to the crystallization buffer or just Paratone-N] for 
a few seconds, as showed in Table 22. 
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Table 22 – Crystallization conditions selected. G - Glycerol, P – Paratone. 
Crystallization 
Screen/Condition 
Condition 
Cryo 
Protector 
80! E7 
0.2M S.A. 
0.1M Cac 6.5 
30 % PEG 8K 
G 
80! E7 
0.2M S.A. 
0.1M Cac 6.5 
30 % PEG 8K 
G 
80! E7 
0.2M S.A. 
0.1M Cac 6.5 
30 % PEG 8K 
G 
80! A6 
0.2 M MgCl2 
0.1 M Act 4.5 
30 % PEG 4K 
G 
Peg Ion H4 
0.03 M Citric acid 
0.07 M BIS-TRIS propane / pH 7.6 
20% w/v Polyethylene glycol 3,350 
P 
Peg Ion H4 
0.03 M Citric acid 
0.07 M BIS-TRIS propane / pH 7.6 
20% w/v Polyethylene glycol 3,350 
P 
Peg Ion H4 
0.03 M Citric acid 
0.07 M BIS-TRIS propane / pH 7.6 
20% w/v Polyethylene glycol 3,350 
P 
JCSG C9 
0.1 M Na/K phosphate pH 6.2 
25 % v/v 1,2-propanediol  
G 
JCSG C5 
0.1 M Na HEPES pH 7.5 
0.8 M sodium dihydrogen phosphate  
G 
JCSG C5 
0.1 M Na HEPES pH 7.5 
0.8 M sodium dihydrogen phosphate 
G 
Cristal Screen C4 
0.2 M Sodium acetate trihydrate 
0.1 M Sodium cacodylate trihydrate pH 
6.5 
30% w/v Polyethylene glycol 8,000 
P 
Cristal Screen C4 
0.2 M Sodium acetate trihydrate 
0.1 M Sodium cacodylate trihydrate pH 
6.5 
30% w/v Polyethylene glycol 8,000 
P 
 
The Rf2mut structure was determined for the 80! E7 condition using a cacodylated 
derivative by single wavelength anomalous dispersion experiment using the SHELX suite 
via the HKL2MAP graphical interface (Pape & Schneider, 2004). Inverse beam data at the 
peak wavelength corresponding to the As absorption edge was used to determine heavy atom 
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sites using SHELXD. A single strong As site and five other minor sites were located. These 
sites were then used to calculate initial phases using PHASER in SAD mode (McCoy, 2004, 
2007) in the CCP4 suite (Winn et al., 2011) followed by density improvement using 
PARROT (Zhang, Cowtan, & Main, 1997). The quality of the electron density maps was 
excellent. Automatic model building using ARP/wARP (Langer, Cohen, Lamzin, & Perrakis, 
2008) interspersed with REFMAC5 cycles (Murshudov et al., 2011) placed 96 residues out 
of 107 with a R value of 20.5%. A second dataset was collected to a higher resolution (1.02 
Å) and data was processed to 1.08 Å. 
 
 
Figure 60 - The three-dimensional structure of Rf2, color ramped from N (blue) to C (red) terminus 
– Rf2 has a β-sandwich fold comprised of two β-sheets, each consisting of antiparallel β-strands 
(Image edit on UCSF Chimera). 
 
The structure of Rf2 CBM belongs to the dominant fold among CBMs, which is the 
β-sandwich fold as previously described (Boraston et al., 2004). It is comprised of two β-
sheets, each consisting of four antiparallel β-strands (Figure 60). Unlike other CBMs 
included in this fold family, Rf2 structure does not present a bound metal atom, which usually 
serves a structural role. The ligand-recognition site in the CBM fold family members is 
commonly located on one of the β-sandwich surfaces. 
Based upon the visual examination of the molecular surface of Rf2, this CBM might 
be included in the "glycan-chain-binding" or Type B CBMs, described earlier in the 
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Introduction and characterized by an extended groove or cleft where aromatic residues 
mediate ligand binding and specificity. 
 
 
Figure 61- Molecular surface of Rf2 and the putative ligand-binding cleft. The transparent molecular 
surface emphasizes the putative ligand-binding site, where crystallographic bound polyethylene 
glycol and glicerol molecules (ball-and-stick representation) were found. The side chains of the 
aromatic residues referred in the text are salmon colored and shown in stick representation (Image 
prepared on UCSF Chimera). 
In Rf2, the location of several surface aromatic residues in one of the β-sandwiches, 
together with the crystallographic presence of several polyethylene glycol and glycerol 
molecules (cryoprotectant) on all three molecules of the crystal asymmetric unit, all bound 
on that same β-sandwich plane, suggests a putative ligand-binding site. The mentioned 
aromatic residues of Rf2 include Tyr507, Tyr563, Trp564, Tyr597, Trp606 and Trp607 
(based on the PDB file). The presence of protruding loops on both sides of the groove and 
flanking the β-sheet, confers to this putative Type B binding site a "twisted" cleft-like 
conformation, akin to that of family 29 CBMs (Figure 61). Speculation on this possible 
elongated binding cleft might account for the fitting of multiple substrates, with variable 
subdued interactions. Although further characterization of Rf2 is necessary, preliminary 
analysis suggests Rf2 will be the founder of a novel CBM family.  
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Chapter 4 -  Conclusions  
 
Since the first description of cellulosomes in the early 1980’s by Raffi Lamed and 
Ed Bayer the knowledge about their structure and functioning have greatly evolved. The 
discrete multi-enzymatic enzyme complex is now defined as ‘multi-enzyme complex 
produced by anaerobic bacteria for the efficient deconstruction of plant cell wall 
polysaccharides’ (Smith & Bayer, 2013). The compilation of biochemical characterization of 
cellulosomal components with the aid of genomic and metagenomic information has 
confirmed the sophistication of cellulosomes, supporting a diversity of catalytic activities 
such as cellulase, hemicellulase, pectate lyase and carbohydrate esterase (E. A. Bayer et al., 
1998; Shi You Ding et al., 2008; Smith & Bayer, 2013). The collaborative data derived from 
molecular biology, bioinformatics, biochemistry and structural biology has provided a deeper 
understanding of the molecular basis for cellulosome assembly and function (E. A. Bayer et 
al., 1998). 
However, several questions concerning cellulosome structure and function are still 
to be answered in order to practically apply its amazing abilities to our advantage, assisting 
in the development of a new biotechnological approach to face the challenges of a new era 
of Bio derived products. Despite the modest advances brought by our work, when compared 
to the amount of knowledge yet to be explored, we were able to enlighten some more aspects 
about this promising field. The possibility to stabilize the Coh-Doc complex enables an easier 
production of these two main components of the cellulosome. Although with this project we 
did not achieve that, we were able to optimize the mutant’s construction to minimize the 
necessary cloning procedures and site-directed mutagenesis methods.  
From our protein expression essays we were able to determine a viable path to 
further explore the large scale production of the studied Ruminococcus flavefaciens Coh-Doc 
complex, which includes the use of BL21 as host cells in LBE medium, grown at 25ºC.  
These growth conditions are very promising due to its characteristics as LBE is an 
autoinduction medium which does not require the addition of IPTG, lowering the costs 
associated with the process, and the determined optimal temperature is very close to room 
temperature, thus reducing the necessary energy expenditure. 
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CBMs potentiate the enzymatic catalysis by directing the appended catalytic 
modules to their target substrates. The genome of the ruminal cellulolytic bacterium, 
Ruminococcus flavefaciens strain FD-1, contains over 200 modular proteins containing the 
cellulosomal-signature dockerin module. Therefore by determining the substrate affinity of 
two of these CBM’s we will expand the possible applications for these peculiar molecules.  
Rf4 showed a significant higher affinity to xyloglucan of 298.65 % (w/v)-1 which 
could indicate a good potential for testing enzymatic activity in association with the enzyme. 
However such high affinity suggested that more tests are needed, like discovering the 3D 
structure of the Rf4. By uncovering the structure we could determine the type of connections 
and ensure that such high affinity doesn´t affect the dissociation and degradation of the 
substrate.  
In contrast Rf2 shows less specificity and lower affinity values than Rf4, with higher 
affinity to galactomannan with 56% (w/v)-1 and  xyloglucan with 49% (w/v)-1. Despite lower, 
this result may be used to our advantage to initially sort the cellulosic biomass using CBMs 
like Rf2 which don’t have much affinity to a specific subtract but that can be applicable to 
two substrates. 
With these two CBMs we can have contrasting approaches, by choosing from 
specificity and higher affinity to versatility and higher range of action. Either way, both are 
very promising tools in helping the task of converting cellulosic biomass into fuel. 
However we should take into account the limitations of this method. The AGE is a 
very good low cost method to determine and scan the affinity to several substrates. The 
approach with this method initially is only to assess qualitatively the existence or absence of 
affinity to a certain substrate. Resorting to mathematical approximations we can assign a 
quantitative value to this affinity. 
Nonetheless in order to fully determine the affinity we should consider further 
experiments like Isothermal Titration Calorimetry that can simultaneously determine all 
binding parameters in a single experiment. This technique works by directly measuring the 
heat that is either released or absorbed during a biomolecular binding event. By measuring 
the heat transfer during binding it can determine binding constants (KD), reaction 
stoichiometry (n), enthalpy (∆H) and entropy (ΔS), providing a complete thermodynamic 
profile of the molecular interaction.  
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One of this project’s greatest achievements was the ability to purify, crystallize and 
determine the structure of the putative CBM Rf2. The tridimensional structure of Rf2 shows 
a putative binding cleft to which the substrates can interact, with further studies needed to 
relate its relatively large extension with the affinity to more than one compound and explain 
its low values. 
The importance of these findings isn’t only about justifying what we previous 
assessed but also as a stepping stone to expand our knowledge about CBMs. This 
tridimensional structure will enable further testing and molecular modeling without resorting 
to wet-lab procedures which saves money and time. We will be able to predict the interactions 
to other substrates and enzymes bioinformatically and direct our research accordingly.  
In conclusion these humble contributions brings us closer to successfully developing 
a synthetic cellulosome (E. Bayer et al., 2007; Smith & Bayer, 2013; Vazana et al., 2013) 
that combines the stability of the type-II Coh-Doc attachment to a reusable matrix with the 
flexibility of the type-I interaction, enabling the attachment of several CBMs and enzymes, 
consequently improving the efficiency and range of substrates decomposition. The ultimate 
goal will be to create stable and easy to produce nanomachine complexes that can be applied 
to a wide range of process and originate a variety of products. 
 
 
Figure 62 – Ultimate Goal for Cellulosomes Application - Engineering potent cellulolytic microbes 
for the production of desired end products. Genes encoding for cellulases and/or designer cellulosome 
components (i.e. chimeric scaffoldin and desired dockerin-containing hybrid enzymes) can be cloned 
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into a desired bacterial or fungal host cell, and the secreted proteins can be overexpressed for the 
degradation of cellulosic biomass in an industrial reactor (in vitro assembly). Alternatively, the genes 
can be cloned into a suitable bacterial, fungal or yeast host, and the transformed cell with either de 
novo or improved cellulose-degrading capacity can be grown directly on cellulosic biomass to 
produce a desired end product (E. Bayer et al., 2007). 
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Appendixes 
 
Appendix A -  Reagents and Solutions 
 
1) Water 
 All the water used was certified for laboratory purposes. Distilled water was obtain 
from Elix®-5 Water Purification System (Millipore Corporation), showing a resistivity 
greater than 5 MΩ cm and a conductivity higher than 0.2 µ Scm at 25°C. The bi-distilled 
water was obtained from Milli-Q ® Water Purification System (Millipore Corporation), 
showing a resistivity higher than 18.2 MΩ cm and a conductivity higher than 0.05 µ Scm. 
2) Reagents 
 
All reagents used are listed below in alphabetical order according to each supplier: 
 
AppliChem 
Cobalt chloride 
Iron chloride 
Nickel chloride 
 
Biokar Diagnostics  
Agar 
Yeast extract 
Sodium sulfite 
Tryptone 
Fluka 
Hydroxyethylcellulose (HEC) 
 
GE Healthcare  
TEMED 
 
 
Megazyme  
Beta-Glucan (Barley)  
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Merk 
Zinc sulphate heptahydrate 
 
NZYTech  
Acrylamide 
 
Panreak Química  
Chloridric Acid 
 
Sigma-Aldrich  
Bovine serum albumin (BSA) 
Ampicillin 
Coomassie Bright blue  
Glycerol 
Sodium hydroxide  
Imidazole  
SDS 
 
USB 
Hepes 
 
VWR International 
Acetic acid 
Citric acid 
Ammonium chloride 
Magnesium chloride 
Manganese chloride tetrahydrate 
Potassium chloride 
Phenol 
Potassium phosphate monobasic 
Glucose 
Methanol 
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Magnesium sulfate 
Nickel sulfate 
Sodium sulfate 
 
3) Growth Medium 
 
 
Growth Medium Composition 
*LB (Luria Bertani) 
Tryptone 10 g/l 
Yeast extract 5 g/l 
NaCl 10 g/l 
LB agar 2 % (w/v) of agar added to LB medium 
**SOB 
Tryptone 5 g/l 
Yeast extract 20 g/l 
NaCl 10 mmol/l 
KCl 2,5 mmol/l 
MgCl2 10 mmol/l 
MgSO4 10 mmol/l 
SOC 
Sterilized SOB 1 l 
2 % (w/v) Glucose solution 
 
1 mol/l 
sterilized by membrane filtration 0,20 µm Gelman 
* pH corrected to 7,5 with NaOH solution 1 mol/l  
** pH corrected to 7,0 with NaOH solution 1 mol/l 
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4)  Autoinduction Growth Medium (LBE) 
 for 1 l 
 
Tryptone 10 g 
Yeast extract 5 g 
Glycerol 5 ml 
Glucose 0,5 g 
Lactose 2 g 
Na2SO4 0,7 g 
NH4Cl 2,5 g 
 
Add distilled water to reach 900 ml final volume, mix and sterilize. 
Later add 1 ml of sterilized solution of 2 M MgSO4, 1 ml of metal mix 1000x (see 
below) and 100 ml of a mix solution of potassium phosphate sterilized and filtered (10 ml 1 
M KH2PO4, 40 ml, 1 M K2HPO4 and 50 ml distilled water). 
 
Metal Mix 1000x 
0,1 M FeCl3-6H2O dissolved in 0,1 M HCl 50 ml 
1 M MnCl2-4H2O 1 ml 
1 M ZnSO4-7H2O 1 ml 
0,2 M CoCl2-6H2O 1 ml 
0,2 M NiCl2-6H2O 1 ml 
Distilled water 46 ml 
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5) Buffers 
Buffers Composition  
10 mM Imidazol* 
10 mM Imidazol 0.68 g/l 
50 mM NaHepes 11.916 g/l 
1 M NaCl 58.44 g/l 
5mM CaCl2 1 ml/l 
60 mM Imidazol* 
60 mM Imidazol 4.085 g/l 
50 mM NaHepes 11.916 g/l 
1 M NaCl 58.44 g/l 
5 mM CaCl2 1 ml/l 
300 mM Imidazol* 
300 mM Imidazol 20.424 g/l 
50 mM NaHepes 11.916 g/l 
1 M NaCl 58.44 g/l 
5mM CaCl2 1 ml/l 
Cleaning ** 
NaCl 5.84 g/l 
NaPO4 2.4 g/l 
1 M EDTA (pH8) 100 ml/l 
Gel Filtration* 
50 mM NaHepes 11.916 g/l 
1 M NaCl 58.44 g/l 
5 mM CaCl2 1 ml/l 
*Correct pH to 7.5 and filter with 0.2 µM filter. 
** Correct pH to 7.4 and filter with 0.2 µM filter. 
 
Filter and degas all solutions used for FPLC/Gel Filtration/ Ion exchange. 
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Appendix B -  Gel Support Materials 
 
1) SDS PAGE 
R
es
o
lv
in
g
 G
el
 
Vt=5 ml 14 % 
S
ta
ck
in
g
 G
el
 
Vt=2.5 ml 4 % 
Water 0.60 ml Water 1.5 ml 
40 % 
Acrilamide/bisacrilamide 
1.75 ml 40 % 
Acrilamide/bisacrilamide 
0.25 ml 
50 % Glycerol 0.50 ml 
Resolution Buffer (pH 
8.8) 
0.50 ml Stacking Buffer (pH 6.8) 0.50 ml 
10 % APSO4 50 µl 10 % APSO4 25 µl 
TEMED 5µl TEMED 5µl 
 
2) Native  
Vt= 5 ml 10 % Native Gel 
Water 1.545 ml 
40 % Acrilamide/bisacri. 1.25 ml 
Glycerol 0.50 ml 
Buffer 1.65 ml 
CaCl2 25 µl 
10 % APSO4 50 µl 
Temed 5 µl 
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3) AG buffers 
 
Buffers Composition   
Sample Denaturing 
SDS buffer  (for 20 
ml) 
SDS 2 g 
125 mM Tris (pH 6.8) 10 ml 
Glycerol 100 % 4 ml 
β-mercaptoethanol 6 ml 
Bromophenol Blue 2/3 grains 
Sample Native  (for 
20 ml) 
125 mM Tris (pH 6.8) 2.5 ml 
1.25 M Glycine 1.87 g 
Glycerol 100% 4 ml 
β-mercaptoethanol 6 ml 
Bromophenol Blue 2/3 grains 
10x SDS 
Electrophoresis  
(1 l) 
125 mM Tris (pH 6.8) 30.27 ml 
1.25 M Glycine 144.13 g 
SDS 10 g 
10x Native 
Electrophoresis  
(1 l) 
125 mM Tris (pH 6.8) 30.26 ml 
 1.25 M Glycine 187.66 g 
 
4) Bleaching Solution 
 
20% Metanol and 5% Acetic Acid 
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Appendix C -  Protocols Schematics 
1) Mutants Construction 
 
Figure 63- DNA Extraction Procedure 
Store at -20ºC
Centrifuge 
1min 13000rpm
Incubate
1min Tºamb
Add 30-50µL  AE
30µL emprove efficiency
Place the column in a new tube
eppendorf 1,5ml
Centrifuge
1min 13000rpm Discard the Liquid 2X
Add 600µL A4
Centrifuge
1min 13000rpm Discard the Liquid
Wash with 500µL AY
Centrifuge
1min 13000rpm Discard the Liquid
Place the supernatant on the colecting colunm with the recollector tube
Max 750µL
Centrifuge
10min 13000rpm
Add 300µL A3
Invert 7x
Incubate
4min Tºamb
Add 250µL A2
Invert 7x
Ressuspend in 250µL A1
vortex
Repeat the previous step  
2x for better results
Place1,5ml of each sample on the eppendorf
Centrifuge 30s Max Speed Discard supernatant
Growth the select clone in 5ml of Liquid Growth Medium 
LB + Antibiotic 37ºC 200rpm over-night
DNA Extration -(Miniprep)
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Figure 64 - AE Gel Purification Procedure 1 of 2 
Add mix to the colum
max 700µL
Add Isopropanol
vl=band weight
Incubate
55-60ªC 10min
if orange or purple add 
10µL Sodium Acetate 
pH=5
Add 300µL of Binding Buffer for each 100mg of Band
+ 400mg Band split into  2 tubes
Weight the eppendorfs
Determine the band weight
Slice each band
place on the correct eppendorf
Weight the eppendorfs
1,5ml Id each eppendorf
AE GelPure
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Figure 65- AE Gel Purification Procedure 2 of 2 
 
Store
-20ºC
Centrifuge
1min 13000rpm
Add 30µL  Eluition Buffer
Incubate 1min Tºamb
Centrifuge (2X)
1min 13000rpm Descard liquid
Place the column 
on a new 
eppendorf 
Add 600µL Wash Buffer
Centrifuge
1min 13000rpm Descard liquid
Add 500µL Wash Buffer
Centrifuge
1min Descard liquid
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2) Protein Expression 
 
Figure 66- Protein extraction procedure 
 
 
Figure 67- Protein Expression Procedure 
Incubate at induction temperature
• 16º, 19º, 25º or 37º
• 170rpm
• till reach an OD600=1
Incubate 
• 37ºC
• 170rpm
• till reach an 
OD600=0.400-
0.600
Docmut1;Docmut2
Cohmut1; Cohmut2
Remove 1 line 
of colonies 
200ml Growth 
Medium
LB+Kan
Incubate 30min 
at 4ºc
Add isopropyl-β-
D-
thiogalactopyran
osid (IPTG)
1M for BL21 
cells
adding 0.2 mM 
for Tunner 
Cells
LBE+Kan
AutoInduction 
Medium no need 
to add IPTG
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Figure 68 - Protein Purification Procedure 
Run an SDS PAGE 14%
Test the precence of protein in each fraction - Brandford test
100µl Bradford + 20µl 
sample
gently mix if turn blue - positive
Elute with 6ml 300mM Imidazol
save 1ml for 6eppendorfs Fractions 1-6
Wash with 10ml 60mM Imidazol
save 1,5ml on a eppendorf Wash 2- W2
Wash with 10ml 10mM Imidazol
save 1,5ml on a eppendorf Wash 1- W1
Load the Sample
save 1,5ml on a eppendorf Soluble Protein - SP
Balance the colunm with 10ml 10M Imidazol
Filter each Protein Extract
0,45µm filter
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Substrate Affinity Support Data 
1) Rf2 
Table 23 - HEC AGE results 
H
E
C
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.000 9.7 5.2 0.54 1.00 1.00 
0.002 8.1 4.3 0.53 0.99 1.01 
0.010 8.5 4.4 0.52 0.97 1.04 
0.020 7.7 3.6 0.47 0.87 1.15 
0.025 7.9 4 0.51 0.94 1.06 
0.025 8.4 4 0.48 0.89 1.13 
0.030 7.7 4.6 0.60 1.11 0.90 
0.050 9.2 2.2 0.24 0.45 2.24 
0.050 9 2.9 0.32 0.60 1.66 
0.075 8.6 2.2 0.26 0.48 2.10 
0.100 9.1 1.5 0.16 0.31 3.25 
0.100 8 2 0.25 0.47 2.14 
0.150 9.9 2.4 0.24 0.45 2.21 
0.200 9.1 0.9 0.10 0.18 5.42 
0.200 10.3 1.6 0.16 0.29 3.45 
0.300 9.5 0.9 0.09 0.18 5.66 
 Excluded samples 
Kd -0.05816 
Ka 17.19454 
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Table 24 - Xyloglucan AGE results 
X
y
lo
g
lu
ca
n
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.0000 10.3 5.7 0.55 1.00 1.00 
0.0010 9 4.8 0.53 0.96 1.04 
0.0025 8.8 1 0.11 0.21 4.87 
0.0050 8.5 2 0.24 0.43 2.35 
0.0100 8.9 1.5 0.17 0.30 3.28 
0.0250 10.2 1.1 0.11 0.19 5.13 
0.0300 8.5 0.4 0.05 0.09 11.76 
0.0500 8.3 0.3 0.04 0.07 15.31 
0.1000 8.8 0.3 0.03 0.06 16.23 
0.2000 11.8 0.3 0.03 0.05 21.77 
0.3000 11.9 0.2 0.02 0.03 32.93 
 Excluded samples 
Kd -0.02025 
Ka 49.37611 
 
Table 25 - β-Glucan AGE results 
Β
-G
lu
ca
n
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.000 8.20 4.50 0.55 1.00 1.00 
0.005 8.00 4.30 0.54 0.98 1.02 
0.020 8.50 3.20 0.38 0.69 1.46 
0.030 9.50 3.60 0.38 0.69 1.45 
0.050 8.80 2.00 0.23 0.41 2.41 
0.100 11.60 3.50 0.30 0.55 1.82 
0.150 9.10 3.00 0.33 0.60 1.66 
0.200 9.20 1.50 0.16 0.30 3.37 
0.300 9.60 1.00 0.10 0.19 5.27 
 Excluded samples 
Kd -0.08941 
Ka 11.18439 
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Table 26 -Galactomann AGE results 
G
al
ac
to
m
an
n
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.000 8.20 4.50 0.55 1.00 1.00 
0.010 9.60 1.90 0.20 0.36 2.77 
0.025 10.00 1.20 0.12 0.22 4.57 
0.040 9.50 0.90 0.09 0.17 5.79 
0.050 8.90 0.50 0.06 0.10 9.77 
0.075 8.60 0.40 0.05 0.08 11.80 
0.100 8.30 0.30 0.04 0.07 15.18 
0.200 9.50 0.20 0.02 0.04 26.07 
0.300 6.70 0.10 0.01 0.03 36.77 
  
Kd -0.01774 
Ka 56.36702 
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2) Rf4 
 
Table 27 - HEC AGE results 
H
E
C
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.000 8.2 6.6 0.805 1.000 1.000 
0.002 8.1 6.1 0.75 0.936 1.07 
0.010 8.5 6.1 0.72 0.892 1.12 
0.020 7.9 5.3 0.67 0.834 1.20 
0.025 7.9 6.1 0.77 0.959 1.04 
0.025 8.4 6.3 0.75 0.932 1.07 
0.030 7.9 5.1 0.65 0.802 1.25 
0.050 9.4 5.3 0.56 0.701 1.43 
0.050 9 8.5 0.94 1.173 0.85 
0.075 8.6 7.5 0.87 1.084 0.92 
0.100 9.1 6.6 0.73 0.901 1.11 
0.100 8 3.2 0.40 0.497 2.01 
0.150 9.9 4.7 0.47 0.590 1.70 
0.200 9.4 3.4 0.36 0.449 2.23 
0.200 10.1 2.3 0.23 0.283 3.53 
0.300 9.6 1.9 0.20 0.246 4.07 
 Excluded samples 
Kd -0.09992 
Ka 10.00801 
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Table 28 - Xyloglucan AGE results 
X
y
lo
g
lu
ca
n
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.000 8.2 7.1 0.866 1.076 0.930 
0.0010 9 7.6 0.84 0.98 1.03 
0.0025 8.7 6.1 0.70 0.81 1.23 
0.0050 8.5 6 0.71 0.82 1.23 
0.0100 8.8 6.1 0.69 0.80 1.25 
0.0250 10.2 0.6 0.06 0.07 14.72 
0.0300 8.5 2.9 0.34 0.39 2.54 
0.0500 8.3 1.5 0.18 0.21 4.79 
0.1000 8.7 0.4 0.05 0.05 18.83 
0.1000 9.3 5.5 0.59 0.68 1.46 
0.2000 11.7 0.3 0.03 0.03 33.77 
0.3000 11.9 0.2 0.02 0.02 51.52 
 Excluded samples 
Kd 0.003496 
Ka 286.0412 
 
Table 29- β-Glucan AGE results 
Β
-G
lu
ca
n
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.000 8.20 6.60 0.80 1.00 1.00 
0.005 8.00 6.20 0.78 0.96 1.04 
0.010 7.50 0.90 0.12 0.15 6.71 
0.020 8.10 0.90 0.11 0.14 7.24 
0.030 7.80 0.60 0.08 0.10 10.46 
0.050 8.80 2.00 0.23 0.28 3.54 
0.100 8.80 0.50 0.06 0.07 14.17 
0.150 9.70 0.30 0.03 0.04 26.02 
0.200 9.80 0.30 0.03 0.04 26.29 
0.300 8.80 0.20 0.02 0.03 35.41 
 Excluded samples 
Kd -0.03671 
Ka 27.24053 
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Table 30-Galactomann AGE results 
G
al
ac
to
m
an
n
 
%Substrate BSA(cm) Rf2 R R(n) 1/r 
0.000 8.20 6.60 0.80 1.00 1.00 
0.010 9.60 7.00 0.73 0.91 1.10 
0.025 10.00 7.50 0.75 0.93 1.07 
0.040 9.50 6.60 0.69 0.86 1.16 
0.050 8.70 6.00 0.69 0.86 1.17 
0.075 8.60 5.70 0.66 0.82 1.21 
0.100 8.70 5.60 0.64 0.80 1.25 
0.200 8.50 4.90 0.58 0.72 1.40 
0.300 7.30 4.00 0.55 0.68 1.47 
 Excluded samples 
Kd -0.7192 
Ka 1.390434 
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Annexes 
 
Annex I -  Crystallization Solutions 
1 -  Crystal Screen I & II 
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2 -  Peg/Ion I&II 
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3 -  80! 
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4 -  JCSG 
 
